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To KEPRODUCTION, 
WITHOUT WHICH 

OUR SUBJECT, 

OUR AUTHORS, 

AYD OUR READERS 
WOULD HAVE Beep 
IMPOSSIBLE... 








IN ANCIENT 7; TIMES. 


R ANCESTORS 
HAD A FIRST- WAND 
KNOWLEDGE OF 
NATURE. |) Tose 
DAYS, EVERYONE WAS 
A BIOLOGIST ANP 
TRE WORLD WAS 
A CLASSRooM II 









iM IN Pp SCIENTIAC 
MOOD... 





IW THEIR EARLIEST GLIMMERINGS OF THOUGHT, ITS SAID, 
PEOPLE MADE NO DISTINCTION BETWEED LIVING AND 
NON-LIVING THINGS. EVERYTHING WAS SUPPOSED To 
BE ALIVE, A FIT SUBJECT OF "BIOLOGICAL RESEARCH. 





THIS INCLUDED 
TREES... 


AND THE 
VERY STOPES 
THEMSELVES! 


IN THE COURSE OF THEIR STUDIES, OUR ANCESTORS MUST 
HAVE NOTICED AN OBVIOUS FACT: SOME THINGS TENDED 
TO REPRODUCE THEMSELVES. 


_.. AND, TO THE 
PRIMITIVE 
MIND, iT MAY 
WELL HAVE 


A 
SEEM : THAT 
EVEN FOCKS 
sa 
LITTLE PEBBLES! 





ANY SCHOLARS BEURVE THAT PRIMITIVE PeoPLE SAW 

NO CONNECTION BETWEER REPRODUCTION AYD SEX. 

THe WINE MONTHS BETWEEN COvCEPTIOW AND BIRTH WAS 
SUPPOSEDLY ENOUGH To STYMIE THE SMARTEST STONE- 
AGER... AD WHAT DOK Sex HAVE To Po WITA THE 
REPRODUCTION OF ROCKS 22! 












FOR WEEKS IVE 
fey TCH AXP 
\ TAIWK 
THY Do IT... 





we MUST 
ADMIT, THIS 
THEORY 
Soy 
SKEPTICAL. 
IT SEEMS 
LoAIPLE 
THAT MEN 
MIGHT WAVE 





ENLIGHTENMENT CAME, 
ACCORDING TO TKS THEORY, 
WHEW PEOPLE FIRST 
DOMESTICATED ANIMALS — 
AND SAW THER REPRODUCTIVE 
CHG CLOSE-UP AD OFTD: 
MATING IP OVE SEASON, 
BIRTH IN ANOTHER. 
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EEK RE BRLK PB PP BRH 


iy MUST HAVE Come 
AS A GREAT SHOCK 
TO DISCOVER THAT 
MER WAD SOMETHIVO 
To DO WiTA MAKiye@ 
PAPIES... ITS SAID 

TO KANE CAUSED 
BIG CAMS IN 
SOCIETY, SuCH As 
FATHERS DAY 
PATERNITY SUITS, 
MARRIAGE, AND 7HE 
PATRIARCHY — BUT TH 
IS A BIOLOGY BOOK, 
AND WE WONT GO 
(PTO ALL TART... 












You MEAP, ce 
Like A SACEP— 


ALONG WITH THis 
CAME The NOTION 
THAT LIKE 
BEGETS LIkKE- 
THE FIRST REALM 
GENETIC IDEA.- 


AND SO GEOAP 


CRACTICAL GENETICS, 


0R “SELEWE 
BREEDING.” WE ; 
HERDERS BeoPy) LN 
CONTROLLING THAR 
AVIMALS MATING, 
CHOOSING Tj 


“BEST” SPECIMENS 
R REPRODUCTION 
AND GETTING 


RID OF THE 
“WORST.” 
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ee 
Deen 
Tce, 
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A BRED oF 
PROUD, TOUGH, 
WILD AYIMALS 
WAS REpucep 

TO SOMETHING 
DOCILE, wooly, 
MD SHEFFISH” 









WHATS HAPPENED 
To You? 





> SloWE 

& TRIUMPH of 
PRACTICAL 

CRBDETICS... 


[s THE SAME TIME PEOPLE WERE DOMESTICATING PLANTS: 


EARLY FARMERS USED THE SAME METHODS AS THE 
AWIMAL HERDERS, WEEDING OUT UNDESIRABLE STRAINS 
AWD PLAWYTING ONLY THE BEST SEEDS. 
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THIS HAPPENED ALMUST EVERYWHERE IM THE WORL?: SCRAWNY 
WEDS AND GRASIED WERE GRADUALLY TURPED WTO RICH, 
PRODUCTIVE CROPS. RICE, WHEAT BARLEY, AND DATES IN ASIA ; 
CORV, SQUASH, TOMATOE?, POTATOES, AWD PEPPERS IN AMERICA, YAMS, 


PEANUTS, AWD GOURDS IN AFRICA —ALL SPECIALLY IMPROVED BY 
HUMANS I 






UMM... 

EVERYWHERE 
BUT EUROPE, 
TRAT 15... 





ne HAVE 
TOO... THEY'RE 
Just LESS etn 
NO\SY ABOUT IT 
_ ANIMALS, 
EARLY ON 
PEOPLE NoTicep 


OF FOLLINATION : 


FOLLEN DUST 
MUST LAND ON 
k FLOWER 
BEFORE IT CAN 
VRODUCE 
FERTILE SEEDS. 


THE EARLY 
FARMERS REALLY 
DIOM'T Kwow 
WHY POLLINATION 
WORKED —50 


THEY ADDED 
SOME MAGIC. 
JUST To ¢¢ 
OW THE SAFE 
SIDE... 


THESE ARE 
PIRIRY FRIES, 
FOLLIMATING 

A DATE FALM, 
AROUND 800 B.¢. 













DAUGHTER, LET 
ME TELL you 

ABOUT THe BipDs 
AND THE HUMANS... 









| ALRE 
ledpien {t 
The Omiee 
























wre ne > RuK PUK < 
EN IF WHAT BIED 

\Dy'T WEAR These Vv a 
Bite bara 7 OY 
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BY A BIBLE STORY... GENESIS, CAAVTER 20, OR... 


THE CASE  JAcoes Plodk 











I, THIS STORY , THE FATRIARCH JACOB AGREES To TEND THE 
FLOCK OF WS FATHER IW-LAW LABANW. AS PAYMENT, JACOB 
MAY TAKE ALL THe “SPECKLED AND SPOTTED AVIMALS FOR HIMSELF 
WHILE LABAN KEEPS THE PURE BLACK OWES. THE Two GROUPS ARe 

NOT To |PTERBREED. 






om yi eit 
cL RBA flock 


THE BIBLE DescRiges JACOBS FERTILITY MAGIC CAREFULLY: 

WE STRIPPED The BARK FROM. WILLOW Rops, AND "MADE THE WHITE 
MCPEAR WHICH WAS IN THE RODS; THEN SET THEM NEAR THE 
WATERING HOLE. 








THE IDEA BEHIND JACOB'S Action 1 
Io THAT LIKE BEGETS LIKE: 4° g 
BY SROWING THE WHITE |W THE 
WILLOW RODS, HE WAS TRYING 
TO BRING OUT THE WHITE Ip 
LABAN'S BLACK ANIMALS I 


THIS 15 CALL 
Aare ED SYMPATHETIC 


\ SUGbEST You 
READ THE 
ORIGINAL To SE 
WHY LABAN 
DESERVED 




















\ 


THe FoIT, GENETICALLY SPEAKING, 1S THis: IN FACT, THe PURE 
BLACK ANIMALS BORE SPECKLED OFFSPRING --AND <o 
JACOB'S FLOCK INCREASED ! WHY 27 


WELL COME 
BACK To THiS 
LATE ! 





HERE WE SEE ACCURATE GEMETIC OBSERVATION SIDE-BY-SIDE 
WITH A NEAR ToTAL LACK OF UNDERSTANDING. 


LABAN CERTAWLY 
VID'T O€T | TH 


U CET 
Ry GoAT! 














SOME OTHER GENETIC [TEMS FROM ANCIENT HISTORY: 


THE CHINESE 

ee ai 
ALT ZI 

hyratval WHICH 


SWMAC 10 ST AbbER 
AROUND IN 
CIRCLES. 


THe HINDUS OBSERVED 
THAT CERTAIN DISEASES 
MAY “RUN IN THE 
FAMILY. MOREOVER , 
THEY CAME TO BELIEVE 
ae CHILDREN 
IWACRIT ALL THEIR 
PARENTS not 
"A MAN OF B 

SCENTS rai ever. 
Meare AiS ORIOINS, . 
aa LAWS oF 





"GET A GOOD 
DOG FOR THE 
PURPOSE.“ 





SEVERAL OTHER GREEKS, THINKING 
MORE DEEPLY THAN XENOPHON, gt 
DEVELOPED THE FIRST REAL THEORIES 

OF HEREDITY — IN OTAER woRDs, 
The? ADDRESSED THE QUESTION: 
"WHY Do CHILDRER RESEMBLE THAR 
PARENTS 2° 









EXCEPT THE 
WES WHO 


RESEMBLE THE 
MILKMAL ? 






AcTUAUY OWE PHILOSOPIR, 
SOCRATES, WONDRED 
ahi SOMES 


SED 

To SAY THAT THE Sons 
OF GREAT STA TESMeU 
WERE USUALLY LAZY 
AID GoD FoR NOTHING.. 
WE SHOULD ALWAYS 

BEAR THIS [Wh MIND, 


narenen. Aur 
wheel eo 1 





NAORTUNATELY , PY SUCH 

UNFLINCHIKO POWESTY, 
S0CRATA PROVOKED Tite 
ATHENIKWS TD YUT HIM To 
DEATH... 








THE MOST COHERENT 

CREEK THEORY OF 

HEREDITY WAS THAT 

OF THE FAMOUS DOCTOR 

HIFFOC RATES. 
Za 


YF soy Ke 








THESE FLUIDS, HE REASOVED, 
WERE MADE THROVOHOUT THE 
BODY, AND THEN COLLECTED Ip THe 
REPROPUCTIVE ORGAYS. 


Bul, THe SeNeN 
Y Vg #)) -_ aon THE Foes 
a \ a HAD, THE Se 


TO MAKE MO E 
FINGERS 5 THAT 
FRomM THe WAIR 

HIPPOCRATES MADE ae , Mc 

RECOONIZED THAT 

THE MALE COpTRIBUTION 

NeREDITY AT Co W, A SORT _OF 

ITY 12 CARRI i iON, A 
iM ThE Shmea. " BATTLE OE te FLUIDS TOOK FLACE, 


AND WHETHER [KE CHILD'S HANDS 
WEEE MORE LIKE MOM'S OR DADS 
DEPENDED OW HOSE FINLER-SEMEN 
Wor ovy I 
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UNFORTUNATELY, THE GREEK WHOSE IDEAS MOST |PFLUENCEp 
LATER GEPEFATIONS WAS NOT HIPPOCRATES, BUT 
ARISTOTLE. WHEN IT CAME To SCIENCE, ARISTOTLE 


NEVER LET HIS IGNORANCE STAND IN TAE WAY OF HIS 
TACORIES | 










BIoLoGy ¢ 
\ CAN Do IT 
WITH MY 

EYES CLOSE! 





ARISTOTLE — CALLED “THE PERIPATETK’ BECAUSE HE PACED 
WHILE He LECTURED— BELIEVED TWAT ALL INHERITANCE CAME 
FROM THe FATHER... THE MALE SEMEN, HE SAID, DETERMINED 
THE BABY'S FORM, WHILE THe MOTHER MERELY PROVIDED 
THE MATERIAL FROM WHICH THE BABY WAS MADE... 











BT ARI — 
Tren WHERE Do 
GIRLS Come 
FROM 2 


YES, THERE WAS NO GETTING AROUND IT... THIS SEEMED To 
\MPLY THAT ALL CHILDREN OUGHT To BE BOYS... WHO Knows? 
MAYBE THS REVEALED SOME SUBCONSCIOUS Wis oF 
ARISTOTLE'S... THE ANCIENT GREEKS DID VALUE Boys 
MORE HIGHLY THAN GIRLS. 

















iw MY VERSION 

The \DEAL STATE, ALL 

PHILOSOPHERS WOULD 

BE REQUIRED To GET 

PREGMAPT , AT LEAST 
ONCE... 


‘ ie we 
BA aS 
KON ROR 


BUT ThE 
PHILOSOPHER 
COULD HARDLY 
lOwORE THe 
EXISTENCE OF 
FEMALE 
BABIES. 

HE PATCHED 
UP HIS THEORY 
BY DECLARING 


WEY WERE 
ChuseD BY 
"PTERFEREME 
FROM The 
MOTHER'S 
BLOOD. 









WHOSE FLUIps 4 ar tr eer ivokcom 

MADE MY SpECKLES< FOR CHILDREN WHO DIFFER 
FROM BOTH PARQITS. 
BROWN-AYED PEOPLE OFTS 
HAVE BLUE-EXEp BABIE, 


AND DOw'T foRbET JACOB'S 
SPECKLED GOATS. 





ONE THILOSOPKER, 
EMPEPOCLES, 
THOUOAT TS 
MIGHT RESULT 
FROM THE 
MOTHER'S 
OALING 
LONGINOLY 

AT STATUE 
DURING 
PREONANYY, 










WANTS WRONG, 
Lpoy? LOT 4 
YVR MARBLE? - 
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GREEK civILYLATION MAY Hpwe TERISHED, Bur. 





oe Sk W/ 


il 


HE GREEK 


7 
MANTLE PASSED WHAT WAS Yq 
]Jo_THE CAI Me” 


LOANS, 


Who HAD 

LITTLE TASTE 
FOR PHILOSOPHY. 
THEY PREFERRED 
THe TECHNOLOGY 
OF DEA 





THE ONLY GENETIC |DEA They ADDED WAS THAT MARES 
COULD BE FERTILIZED BY THE WIN? 
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K JOKE... 
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Ove MEDEVAL IDEA BSPECIALLY 
\MY VED ann ANDING. IT WAS CALLED: 


SFONTANEGUS 
cel RAT ign 


*= om 2B 














bIPATIKO 
re THE GREEKS, 
THIS WAS THE 
BELIEF THAT 
LIVING 
ORGANISMS 
Coulp ARISE 
('S POUTANEOUSLY") 


FEoM NO\- 
LIVING MATTER. 





Mi OlOTS WERE 
PPOSED TO Come 


SU 
FROM DECAYING 


MEAT... HORSEMAIR 
TURNED (4 
WORMS... 

FROM, aie AND 


> 
oe Ne SLIME 
CoME Jo Lifé Il 


115 NOT AMD To 
\MAOPE WKY 
SONAR OVS 
GWE NTop MED 
PLAVABE: 

IN & WORLD 
WHAE SLIME 
WAS COMMON, 
OVE SAW \T 
WAVPEN 

WERY DAY! 





YOU SEE KOW BELIEF \|P SPOPTAMDYS NoT MUCH 
GEVERATION CONFLICTS WITA FAMILY RESEM - 
“GEVETIC” THINKIPG @ IF A FROG BLANCE, 15 
COM FROM SLIME, \T = 

DOES 'T MAKE Myc 

SENSE To TALK ABOUT 

\WHERITED QUALITIES, 

VO IT 2? 





AND WY THe 17 
CENTURY, A SIMPLE 
EXPERIMENT 
SUCCEASFULLY 
CHALLENGED 


SPONTANEOUS 
OCVERATIOVP.. 
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Repl PLACED PIECES OF FREOA 
MEAT IN JARS... SOME OF Tile JARS 
HE CAPPED TIGHTLY TH CHEESE- 
CLOTH, WHILE LEAVING THE REST 

OVER TO THE FLIES... ow 


THE ELEGANT 
DEMONSTRATION 
WAS PERFORMED 
BY THE 
ITALIAN 
FRANCESCO 
RED. 






AFTER SOME TIME HAD PASSED, 
RED| FOUND MAGGOTS ONLY Ip 
TE OPES IAKS. 


Tye MACOOTS GREW, STIFFENED INTO 
cocoOPhS, ARD FINALLY EMERGED AS 
FULLY FORMED FLIG! 






Twu5, Rep KAD stowp TAAT 
MAGEOTS Come FROM FUB, AND 
KLIES COME FROM MAGLOTS. 
NOTHING VISIBLE AND BEER 
“SPONTANEOUSLY GENERATED” FROM 
THe RoTTinG meat “/ 
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BUT THE ‘SPONTANEOUS 


GEVERATORS WEREY T y fees, 
DOWN YET... ; ¢ sy g SHH 

















60 -WE WERE 
WO ABOUT 
FLIES..S0 
WHAT? 


PEOPLE STILL BELIWED 
THAT FLEAS CAME FROM 
SAND, WEEVILS FROM 
CRAP, EELS FROM THE 
ow, Cie wee, CTC? 


KK HH KIM mM RRM HEH RK KK KKH KEKE 


FLEAS, EELS, AND 
WEEVILS, IN TURP, 
WERE DK osep oF 
BY ANTZON VAN 
LEEUWENHOEK 
("LAY-VEql- ook"), AW 
AMATWR DUTCH 
SCEPTIST AND THe 
VIRST To MAKE 
SUSTEMATIC USE 


OF THE 
MICROSCOPE. 
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ONE MIGHT SAY THAT Jiqz 
Doty OPED A tole 
CAR OF WORMS..OR TWAT 

IT SPAWKED WRONG IDEAS... 
FOR (NSTAVCE, LECUWEP HOEK 
HIMSELF BELIEVED EACH REM 
CAL COUTAIVED A COMPLETE 
NEW ORGANIGM | 

MINIATURE. 





THE OBVIOUS PROBLEM WAS: 
\F THIS “PRE-FORMED” 
ORGANISM WAS A Boy IT 
MUST ALREADY HAVE TINY 
TESTICLES, WHICH WOULD 
CONTAIN MINIATURE 
SPERM, WHICH WOULD 
EACH WAVE EVEN TINIER 
PREFORMED ORGANISMS... 
AD INFINITUM ET 
ABSURDUM III 
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(AS Loy e WERE TALKiPt lash 


Wie 





0 o . z . 

LEEUWENHOEK »\ SY F 
PECULATED Lene Sec I Ky 
ly ele “ove eave SigatFALiRo 
VERE i Teo. YouRSELe! 
WERE LOOKING Scien AC. Cop 
Wo We | 

- cf YF” Be 7 4 
ROLE \N Za 

REPRODUCTION.-- 


Winer HARVEY 
(\578-\657) STUDIED 
TRE DEVELOPME MT 
OF THE CHICK EMBRYO 
AND CONVINCED 

KIMSELF THAT ALL 

AVMs pubT, CONE 

FROM EGGS. “EX 


OVO OHINTA HE SAI: 
“OUT oF EOb, ALL." 








WARVEY BEGAN THE AUNT FOR Tne MAMMALIAN EGG. 









HE YERSVADED THE 
KINO To LET HIM 
LOOK FOR MAMMAL 
EGGS IN THE ROYAL 
DEER PARK... VOZENS 
OF DISSECTED 

LATER, HARVEY HAP 
To ADMIT FAILURE. 












FOR 200 NEARS THE 
HUNT WENT ON... AND 
STILL NO ORE COULD 
ee THE ELUSIVE 












11'S NOT HARD To SEE WHY NOT... NOT OPLY 1S THE MAMMALAY 


Eoo MICROSCOPIC, ITS ALSO FAIRLY RARE... 


MAMMALS “LAY 
VERY Few EOW): 
A Humap FEMALE 
PRODUCES ONLY 
ONE A MONTH | 
I) CONTRAST 

TO THE MALE. 


AND HIS 
Tas OF MILLIONS 
OF KEKM 
CELLS. 
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BUT THE SEARCH 

WELT OV... TRERE WERE 
SOLID REASONS FoR 
BELIEVING MAMMALS 
HAD 6669S: WE WAVE 


OVARIE AND OVIDUCTS... 


IT WOULD 86 PRETTY 
SILLY POT To RAVE 
E665, Too... 


4A, 
ore PRE 
JUST AIOHLY 
EVOLVED 
CHICKENS: 





IY FACT, SCIENTISTS GREW SO SURE EG6S WERE THERE, THAT 
WAY ONG WAS FINALLY SAN—A DOGS E66, IN 1627 — 
\T CAME AS MORE OF A RELIEE THAD A SURPRISE I 


THE ONLY REMAINIP 


RIDDLE WAS ANSWERED Se Py 


OBSERVED TH 
FERTILIZATION 
WRS The UPIOP OF 
h SIPGLE sregM 
(SrtA Bh SIPOLE BOG- 


q 
WoT S(NGLE 
more! 








SOME PROGRESS 
HAD BEEN 
MADE |p THE 


QUESTION OF 
PLANT SEX. 
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4 1700, THE 
SEXVAL NAT URE OF 
PLANTS WAD BEEN 
LARGELY RESOLVED 
BY CAMERARIVS 
(1665-1721), WHOSE 
NAME EVEN) SOUNDS 
LIKE A PLAT... 









CAMERARIUS SHOWED TAAT FLOWZAS BORE SEX ORGANS 
QUITE LIKE THOSE OF ANIMALS. 






AYD THEY STICK 
THEM RIGHT IN 


THE AIR... 
SHAMEPUL | 
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THe MALE PARTS, ANTHERS, 





CONTAIN POLLER, WHICH THe FEMALE PART 15 
IS LIKE SPERM IN ANIMALS. Li STIGMA To WHICH 
KE FOUEN ATTACHES. 
THE FOUL JYST To 
(OR PART OF COMPLICATE 
IT) THe! Wel Fico ) 
POE TRATES WAVE BOTH i 
ee MALE AUD 
(, TEMALE 
CAVSIp ORGANS — 
SHAS as So THEY ) 
TO DEONELO? Cey FRTIUZE 
THEMSELVES. 





























HER 
BY The of ABIES 
EARLY 18005 Come FROM 
PLANTS AND ANIMALS CABBAGE 
WERE KNOWN To BE LEAVES... 


VAL... THe MALE 
RIBUTED YoLLEX OR 
ae tial cava 
ERATIO 
oa OW \TS L mm 
MoE, 
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THIS TALK 





R 
THE PRACTICAL 
GENETICISTS — 


W $0 
TIME OF GREAT 
PRooRES, whey 
PRACTICAL 


MONS OF 
Aa wWoUW 
LEAD, MORE OR 
Le DIRECTLY, 
To THE 
Drocoveny OF 
THE GEPE. 





LETS SEE WHAT THEY ALREADY KNEW FROM EXPERIENCE: 
s fF 



















Some STABLE VARIETIES NEARLY ALWAYS 
- BREED TRUE, THEIR OFFSPRING HAVING 
TRE SAME CHARACTERISTICS AS THEIR 
PARENTS. SOME COMMON EXAMPLES 
ARE MACKIVTOSK APPLES, ARABIAR HORSES, 
LABRADOR RETRIEVERS, PEOPLE WITH ball 
BLUE AGS, &{c AC ETC... 








ON THe OTHER WAND, SOME 
BREEDING GROUPS Show GREAT 
VARIATION. JACOB'S FLOCK 15 
AN EXAMPLE OF VARIABLE 
CoLoR. PEOPLE WITH BROWN EYE 
CRY WAVE BLUE-EHED CIHLDREN. 












iy 1S 
SOMETIMES | 
(2) POSSIBLE To IMPOSSIBLE AYBRIDS: 
MATE PARENTS 


FROM TWO DIFFERENT 
VARIETIES To FORM 


HYBRIDS. 


FOR EXAMPLE, A 
MULE IS HALF HORSE 
AND HALF DONKEY. 
OF COURSE, NOT ALL 
WYUBRIDOS ARE 
POSSIBLE 
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WYBRIDS ARE D 
BE PREDICT... Wey 
AY See VIRTUALLY 
IDENTICAL To ONE 
FAREPT, OR THEY 
VINX COMBIKE 
FEMTURES OF BOTA— 
i EW HYBRIDS 
REED WITH AYBRIDS, 
Weeion 4 
OW | 
EXTREME Il a 


ALL VARIETIG 
Ae STABLE 
fe ONES, OCCASIOVALLY 


PRODUCE “SPORTS — 
Fs Re 
FROM EXTHER PARENT. 
TWHOE ARE of TEV 
SRL DEFECTIVE 
MONSTROSITIOS”... 


SHEP WHICH 
APPEAR 
oo. HH AROUKD 





GY CROSSING THESE SORTS BACK WITH 
NORMAL TYPES, 197 CENTURY FARMERS 

HAD MANAGED To CREATE SEVERAL yew 
STABLE VARIETIES. THRE WERE NOW TYPES 
OF WHEAT, (EAS, AYD STRAWBERRIES 

il CATTLE, AYO STUBBY- LE 





BUT IT WAS STILL A MATTER 
OF TRIAL AYD ERROR... (7 
DIDVT ALWAYS WORK... 

AND 50 PEOPLE BEONY To 


BE A SClEpTin 

RADIANS 

fact am a 
Té W nr Oa 

VARIETIES, G 








NOE VER 


DESPITE A 600D neEAL 

OF WORK, NO TRULY GENERAL 
LAWS OF INWERITAYCE WERE 
DISCOVERED. 


SOME |NVESTIGATORS CONFUSED THEMSELVES BY CR0S3INO 
BREEDS THAT DIFFERED IP [oO MADY CHARACTERISTICS... 





penne 
CAREFUL COUrT 


OF THE NUMBER 
OF VARIETIES 
PRODUCED 


FROM EACH 
CROSS . 





INDEED, THE PROBLEM SEEMED 
HOPELESS... GRADUALLY SCIENTISTS 
GAVE VP TRYING ALD TURPED To 
EASIER PROBLEMS... APD THAT IS WW 
ae ie LAWS OF IWHERITALCE WERE 


oe legen ves FOR 
THRTY YEARS... 
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MONS FINDS CBNEs 
WORLD YAWNS & 


F IFTY YEARS oF RESEARCH 
HAD FAILED To Fiyp 
AMY PRECISE LAW OF 
ISCO v0 te tak | 

VRING THE RIGH 
FORMULA, 'r foSSIBLE ’ 
WAS A Job REGURING 
ine veh 

IME, Avo, 

Ad |T HAPPENED, A 


MIRACLE OF LUCK. 








MO WOUDER IT KAPPEDED jp A MQUASTERY... 


GREGOR MENDEL 


(1822 - 884) WAS Ap 
AVGUSTIPIAP MONK 
FROM BRURY, AUSTRIA. 
I) Kid SPARE TIME, 
MENDEL BRED 

PEA PLANTS IW 

THE MONASTERY 
GARDENS, 
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WUT MEXDEL WAS 
NOT JUST AM 
AMATEUR GARDENER, 
VT A SC/ENT/S6T 
WKO STUDIED WS fea 
VLANTS mOST 
CAREFULLY — 

HE CALLED THEM 

HIS "CHILDREN," 















CHOOANG PEAS WAS THE MIRACLE OF LUCK: THEY Ge PERFECTLY 
SUITEV To GENET RESEARCH, WITH A MUMBER cF STABLE 
VARIETIES WHICH MAY FORM pypRIPS : 







THERE WAS 






=e wie OHERS 
WERE PINCHED... 










THERE WERE GREEN PEAS APD YELLOW, GREY SEED-CoATS ALD 
WHITE, WHITE FLOWERS ARD PURPLE. THERE WERE DirreRENCes 
IP THE COLOR OF THE UNRIPE (ODS, THe CoLoR OF SEED 
ALGUMIP, AND THE POSITION OF The FLOWERS. 
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EVERY VER FLOWER 
HAS BOTH ae 


WD bE 
ROS. $0 TI 

ORDIVARILY m" 
FER TILIZE 
THEMSELVES. 







UPLES? 
WE eprcrice 


FAMILY Lappe! 


HoW WENDEL MADE. HYBRIDS: 


FIRST HE Sptrep l WEN 7 aod THE 
TIoMA WIT, 
WHI pf ce POLLEY TA 
wei PROM ie 





FVALLY KE TI 6S IN THIS 

OVER Tie WoWere Me 

TO KEEP OUT AW 

STRA HH Wns 

OLLER- iy 7 Pele TO 
ie et 





PARELTAGE 
PZ OF EXC 
5 Gy y) J OEPERATION- 
A ss 
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MEYDELS FIRST MAJOR RESULT WAS THE DISCOVERY © 
POMINANCE. WHAT HAPPENED Wey A TALL PLANT ‘a CROSSED 
WITH_A SHoRT 2? ONE MIGHT EXPELT MEDIUM. SIZED PLANTS 














MENDEL EXPRESSED 
THIS BY SAYING 
TWAT TALL NESS 
WAS DoM/NANT 
OVER SHOR THES 
(i) PEAS!) THE 
RA\T OF SHOFT 


\7_ THEY age 
CALRD KECESAIVE , Mimgmmmmme 
I) EVERY CASE, a > ~ 
OVE TRAIT WAS 
FOUND To BE 
DOMINANT, 








IT DIDp'T MATTER WHICH FA 
WHICH THE EGG. A TALL-SHoRT HAY 






TRIOUTED THE POLLED Axp 
RID WAS ALWAYS TALL. 


% LY 
, NS Ve | < 
1) LS r ‘ 
< Ay \ . 
ry Ss wa es 
tO Settee tt ry 
. 














The Yup D 
BIDS WHEE ay 
OU START pe, dt 
ERDING “Ke s ORS 
THe kyeRIp> — GADD abt 
ON ; 
Q 
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WHEY THE HYBRIDS Yr ONTINUING THE 
SELE- FERTILIZED, OOUT gat, Sele PERTLIATION 
Ya OF a OFFSPRWG Gren in| te eed 
ORT. rw ABUT 0 s 
WERE Of Ave THREE PROpuCED 
2 ONLY TALLS, WHILE 





The OTHERS YIELD 
BOTH TALLS APD 
SHORTS IM THE 
RATIO 3:4. 

THE SHORTS BRED 
ONLY SHORTS. 


THE RECESSIVE 
TRAIT REAPPEARED / 







THERE 1S 
SOMETHING 
IW POLLEN APD 








MENDEL'S INTERPRETATIOP: 
" 






a “A Chi 
T 2Aa 
THE HEIOAT OF PEA PLANTS. ea 


THis “SOMETH[NG We CALL A 


GENE. 


EACH POLLEY GRAIN APD EGG HAS OVE HEIGHT GEPE, SO 
TRE PLANT FORMED BY THEIR UPion HAS TWO. 


THE GEE MAY BE ONE OF TWO DISTINCT TYPE, OF 


ALL SEES. 


FOR TALLNESS ; 


TWE OTHER QE, 4, r eh 
I5 FOR SHORTNESS. eA oe. 


A PLANT MAY HAVE THE SAME OR DITERGT ALLELES. 


THe ALLA A 

15 DOMINANT OVER 
a. TWAT IS, The 
PLANT WITH THE 
COMBIVATioy Aa 
Is JALL-. The 
ALLELES Do NOT 
*BLERD.- 





ier NAcrENS 
WI 
aN? POLLEN AWD 


(N THIS CASE, 
THE ALLEL 
ARE THE SAME - 
A-—450 The 
OFFSPRING WILL 
ACAD Be AA, OR 
TALL. LIKEWSE, 


OV 
ome 
e 

Ma 





MENDEL'S FIRST 
HYBRID WAS A 
CRooS BETWEED 
AA AYD ad : 
Tie POLLED (OR &) 
FROM AA CopTAIyS 
ONY A, wile 
We Cb" (R Pouce) 
FROM Gat CONTAINS 
OMLY a. 
RESULT: 

Aa, Wea 

\S TALL. 
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Wade TRE AYERID 
GAL FERTILIZED, 
ITS ALLELES 

A AND a ARE SORT 
OUT RAPDOMLY 
AMONG “We FOLUN 
ORAWS AND EK. 
BOTH A MDa 
APPERE , AND W 
ROUGHLY EQUAL 
PROPORTIONS. 


Oe 
AGC) O®, 


WA EGS AND POLLEY UNITE, THERE ARE FOUR POSSIBILITIES: 
| | we GOT 
y : aie a7 


—_ 
- 


LL . 5 7 Rol LU, LEY, 
SwoRT FOLL, TALL POLLEY ar Oe Tate Vol 


SHORT 666 SHORT Ebb 












WHICH ARE 
SUMMARIZED IN 
THIS SQUARE: 
EACH ca 
Mee lp ONE 

OF THE 

SMALL 
BOYES 





Heke AGKID ARE The 
WEDS OCS 
MAYDEL OBSERVED 


fete NORE 
wih THE CROAWGO 
SQUARE : 


4 TRUE- BREEDING 
TAU? (AA) 


TALLS WHICH 
2 mMAY BREED 
SHORTS (Aa) 


L TRuE-BREEDINO 
4+ CHORTS (da) 


Cd 
~~ 


eae 


Po 
Se el 


4 


> ILFORD OS 


phys 





M@IDEL ALSO CROSSED SMOOTH-PEA PLANTS WITH WRINKLED 
PURPLE FLOWERS WITH WHITE, ETc ETC ETC. IN EVERY CASE, 
KE FOUND The CHARACTERISTIC To BE COPTROLLED BY 


A SIPGLE GERE WITH TWO DIFFEREKT ALLELES, ne oF 
WHICH WAS DOMINANT OVER THE OTHER. 





SO \T SEEMED THAT 
YOLLEA MD EG 
WERE BOTA FULL 
OF WHE LITTLE 
“SOMETHING,” OE 


Y 
HEREDITARY TRAIT 
OF ThE ORGAVISM. 
PRETTY CROWDED! 





WITHOUT EVER SEEIWo A 
GENE, MENDEL COpCLUDED 
THAT HEREDITY [9 
CONTROLLED BY THESE 
"ATOMS OF IDKERITAN CE," 
WHICH WEVER BREAW of 
BLEND, MAINTAINING 
THAR CHARACTER FROM 
CONATION To 
ERERATION. 
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INALLY. MENDEL MADE CROSSES | 
TWEED PLANTS DIFFERING IK ee 
TID CHARACTERISTICS — FOR CKAMPLG, WY PES 
A TALL PLAST WITH SMOOTH Cees ayo N 

A SHORT PLALT WITH WRINKLE) SEEDS. 
TRE QUESTION HERE 19: ARE AAGHT 
AND SMOOTHNESS CORRELATED SOMGIOW, 
OR DO THEY ACT INDEPEPDENTLY wre 
THE PLAST REPRODUCES 22 












CALL THE ALLELE OR 
SMOOTR SEEDS §, AUD 
THAT FOR Wk 


wKLED hy 
LOS 5. & 1S rea 
DoMiNiMvT SO ae 





SING TALLNGS 
PD SMOOTANES 
ARE DOMINANT 
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Now FOR Tue SELF-fOLUNATIOP OF TRE HYBRID: 
1Q S 
i THE GEVES FOR HQbHT 
AND SMOOCTHRDHS 
SORT OUT [PDEPADTLY 


OF EACH OTHER, TH 
ALL THESE POSSIBLE 
5 MD 6S WOUND r 


0 
S 


YOUAS MID F605 
BE CURLY LIKEL4 : 












Y AWD TS 15 WHAT M@PDEL 


OBSERVED — A RATIO of 
oe 
| TH 
DIFERAT COMBINATIONS, 
PROYED THE PRINCIPLE 


OF INDEPENDENT 
SSORTIMENT : THE 
LELES E 













1 AAS J 3 TALL WRIKLED 













1 aad OF 
; ange f 3. SPORT, SMOOTH SOpT Our Noe? 
{ aass [ SHORT, WRINKLED 


\6n'T QUITE TRUE ! ) 
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NOW TAAT WEVE Seen 
HOW GENES WORK, 
HERE'S A BIT OF 
GENETICS JARGOP, 










THiS GB)-TEK DEAL 
MEAs ELEPHANT. 
BUCKS, BARY.. WERE 












IN CASE You SHOULD Baete PECOMBWAPT 
UTS 
Svat awh, 0 PROFESSOR... 


EAVESDROP oN A 
MODERP GENETICIST. 


WELL...NOT THAT KIND 
OF JARGOD... 


CRNETICISTS DISTINGUISH 

BETWEED AY ORGANISMS Xi y, 

PHENOTYPE —WHAT IT =. ge uo Be 

ai ae AWD 115 Coe «= Bol reer 
ENOTVPE — WAAT a} eee 

ALLELES IT HAS. Bh Page| Sewervre 


s seenapen, (> 
OMOZVGOVS WITA G1 // Py 
RESPECT To A lh S77 ly i 
GWEN COE IE ITs LEHI G/e 
Two ALLELE fpe BRS AMR 
THe SAME, avp wae 
HETEROZyG0V$S 
IF THEY'RE 


HOMOZYG0US 
DIFFEREPT. ; 





50 NOW You KWoW 
WHAT A GENETICIST 
MEANS B 


"PHENOTYPICALLY SMOOTH, : 
GENOTYPICALLY 
HETEROZYE0US, 
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NCIDETALLY — WE RE SPELL \T 
NOW IP A POSITION , OUT PR me! 
To UNDERSTAND JACOBS 

STECKLED FLOCK : I, J, 


THE ALLELE 

fOR A BLACK COAT, 
ae \T B, WAS 
DOMIPALT. THERE 
WAS ALSO 1a 
ie, 


DATE SroCkUES. 
MAM OF LABAN'S 
RHEMPTVEICALLY. 

ACK AVIMALS 
SCRENY. HARBORED 
HS 6, = Wag 
KIDS WER . 
Sua SPECKLED. 








IN O THOR 
WORDS — 






re GOATS 
HETEROZY- GOATS! 


w ACTUALLY, THE GEWETICS OF CoAT COLOR ARE MORE COMPLEX, BUT THE PRIVCIPLE IS THE 


SAME. RECESSIVE ALLELES 
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Cosas) 2 i (57 a 


\F You SEE A ei) 
O 


PHEMOTYPE, How che 
YOU TELL IE iTS A 

FoR INSTANCE, IN HUMANS BROW EYES ARE DOMINANT OVER 

BLUE. CALL THE GEPES B AND |, Resfectivery. 





WETEROZY60TE 2 


How CAR WE TAL |r 
THIS BROWN: EYED PEeRSOP 
lo BBR WB? 


OnE WAY 14 To o GoRRY.-| RAVE 
CROSS KIM WITH A | | To BACK OUT OF 
RECESSIVE KOMOZYOOTE — , TS EXPERIMEWT... 
6 A BLUE EYED gl Monk's VOWS, 

Ls 6. rae =. You KNOW... 





IF AW OF THE LITTLE 
HYBRIDS HAS BLUE EYES, 

THE BROWN-CYED PARAT MuST 
HAVE Bee’ A FEROLYGOTE 
BL. If HE HAD BCR BB 
ALL THE CHILDRE WOULD 
Have BEA! Bb, WITH 

BROW) Wes. 
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FOR EXAMPLE, MY FIRST 


WIFE HAS BROW EYES, AND | HAVE 
BLUE EYES. ONE OF OUR SONS 














NOW THAT 


THATS SETTLED 
HAS BLUE EYES, ONE WAS BROWN LETS GET A 
CYES. THEREYORE, MY FigsT DIVORCE ! 


Wie MUST BE HETEROZYOOUS. 
(THE BLUE-Byea Boy MUST HAVE 
ONE ALLELE FRom HER.) 

TRY DoIpG THE SQUARE! 


MY SECOND WIFE HAS BLUE EYES LIKE Me. IF OUR CHILD HAD 
BROWN EYES, WHAT WOULD We MAKE OF THAT? BETTER 
ASK THE MILKMAN // 


LOOK ME 


~ & 
3 aa 
SS ae. 


MAYBE IT WAS 
A SPORT... THAT 







TAKE \T 
EASY SPORT! 


| 
49, J) 


* 
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Same. EXAMPLES 
OF DOMINANT ARO 
RECESSIVE GENES 
IN RUMANS + 





BROWN BYES PK 
POMIVANT ea BLUE 
WA. 


Af LOR VISION Is aN 
Ly way Neos ee, 
a. OVER BALD 












TROVE 1 DOMNAMT meee ECM H( (8 
we THE |PABILITY To hes 3 
CoRl THe a 


EXTRA 1 
aa sek NE 


Pi a ad 


Tod! 


meh DOSE OF RECEIVES 
ALSO CAUSE SUCH 
RARE DISEASES AS HEMO - 
PRIL(A, SICKLE -CCUL TEOMA 
TAY. SACKS SYNDROME , 
TWALASSEMIA, DWARKISM... 
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Ped het oa 


| HEREDITARY TRAITS ARE 

ri GOVERVED BY CERES whic 
nega b TWAR WEPTITY Ip 

GENE PRE NEVER 

pe to TOGETHER. 


NO COMPROMISE 
WIT FECES ve! 


Fy EACH ADULT ORGANISM 
HAS TwO COPIES OF EACH 
GENE —ONE FROM GACK PAREDT. 
WHEY TOLLE oR SPERM AyD 
Cob PRE PRODUCED, THEY 
EACH GET Ope GRY. 










One FORM (‘ALLELE’) OF 


h GENE MAY BE 
© DOMINANT OVER RPOTRER. 
PUT RECESSIVE CBH WILL | 
Po? uF LATER II 




























DIFFEREAT ALLELES ARE 
oO SORTE WT TO SPERM 
AWD G66 RANDOMLY ALO 
IMDEPADELTLY. ALL COMBINATIOPS 
OF ALLELES ARE EQUALLY 
LIKELY: 
























ifs AABBCCDDEEFFGGHH 
= (S) | AaBBCCDDEEFF GH 
& aABBCCDDEET FEC BE 
aay” 4 ) 4 SK 
Cn) 


WELL SEE SHORTLY THAT NOT ALL THESE PoINTs a ae 

CORRECT... DOMINANCE 15 SOMETIMES ORLY PARTIA 

tac a ron p (aon SET OF BONES .. wD oe ian 
l mM) 65 

SOT 0 86 VaR (WOR CPDOPST ASSORTMEMT TuRV 
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MENDEL PRESENTED HIS THEORY IK 1865 To THe BRUPK 
NATURAL SCIENCE SOCIETY... (T PUT THEM To SLeEp. 





eT Ta 
OBODY CARED ABOUT 
THE PROBLEM AKY 
BONE 00 Oe OF FAS 

| 
AND, BRIDES, siv 7 
i389, BIOLOGISTS 
HAD BEEW DISTRACTCD 
BY THE iy THEORY 
OF EVOLUTION, 
AX? bin T BE 
BOTHERED WITH 
MERDEL'S EQUATIONS. 





BY THe TIME MENDEL DIED, ThE SCIEPTIFIC CoMMUMITY HAD TOTALLY 
FORGOTTEW HIS WORK. “MY TIME WILL COME,“ HE SAID, NOT 
LONG BORE His DEATH IP 1284... 








NOW Yor! SEC THEM.. 


ILE re WORK LAY 
Ve TED, OTHERS WERE © 
FINDILE WONDERFUL THUGS 
IN THE MICRO-WORLD. 













AREA OF 
RESEARCH! 





HOWAD AY WE 


ORA THAT ALL 
LIVING THINGS 
ARE MADE UP 
oF CELLS — . 
BUT Tis WASNT 
FULLY AP- 








AS FAR BACK AS THE [6005 es 
ROBERT KOCKE (\¢35-1703) HAD yatta 
NOTICAD THE CELLULAK i¢e r 
STRUCTURE OF CORK. 
BOT IT WASKT UNTIL THE 
[B00S THAT SCIENTISTS, 
ARMED WITH BETTER 
MICROSCOPES, REAUZED 
TAAT ALL oF US ARE 
DWIDED |WTO LITTLE 
COMPARTMTS. 
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THE AVERAGE RUMP CoN'TAIDs 
TRILLIONS OF CELLS. 


OTHER CREATURES, SUCH 
AS PROTOZOA, 


COPSIST OF A SIPOLE 
CHL. COUS Come WW 
ALL SARRES PRD Si2Es. 


MOREOVER, SCIENTISTS SAW THAT ALL CELLS COME FROM THE 
DIVISION OF A PRE-EXISTING CELL. BEFORE DIVISION, 


OERERATION 
dF CELLS! 


o/ 








AS MICROSCOPES 
\MPROVED , Tre CELL? 
INTERNAL STRUCTURE 
EMERGEV.. 


FIRST OF ALL, THERE 
WAS THe NUCLEUS — 
AND WITMIY THe 
NUCLEUS WAS 
COMETHINO WEIRV.- 


Juet Perore CELL 
DIVISION, SOME SHORT, 
ATRINGY OPJELTS SUDDERLY 
APPEARED, DoUBLEY, 

AND THEN VANISHED! 


The were DUPED 
“CHROMOSOMES - 


ao WERE T 
A Wk DEORE 



















ROMOSOMES 







¢ 








AKE - 
Mise — y 
ete cui FROM ZA 
tre AIK AVD TI 
APPERK.-- CONSULT 
or. a en LM FARCE 
OVT.. Ap ee 


d my Og) a ET KMAYTES: 
a ( 


Wid Jee 


2 


IT WAS FWALLY ARORA — 
CHRoMoSOMES DONT REALLY 
DE-MATERIAUIZE of DISFOLVE... 
Tere Just Too SKINNY 
MoSt OF THE TIME To bE 
VISIBLE WITH A CONVENTIOVAL 
MICROSCOPE. DURING CEU 
DIMSIOP, HOwReER, THEY 
COIL VP, SHOMW THICK 
ENOVOOK To SEE. 






NLY{ Ope 
ABILITY, 
CATS ! 


CAREFUL STUDY REVEALED WHAT HAPPENS To CAROMoSOMES 
DURING CELL DIVISION. 


FIRST-WHILE STILL INVISIBLE— NEXT They. yin AND 
THE CHROMOSOMES VUPLICATE Shoe. eeconnt tbe 
THEMSELVES, REMAINING ATTACHE) = UND) 

i i SPOT CAWA THe CEMTRO- 


HE Mi CRoSCoTe . 





THE MEMBRANE AROUND THE The ENTROMERES DID AS 
t BROV: § vONDLE CORNS wie SPINDLE FIBERS TUG The 
WHICH THe CHROMOSOMES CHROMOSOME ae APART. 


Laas eS 
ide é 
J 


| YY, 
Rey SS , 
Yo 


CHROMDSO KRRIV WE NUCLEAR MEMBRAvE RE- 
eg THe Moore PO i Pec THE CHROMOSOMES 





OP Tie SPIWOLE DISPERSES. UNWIND ISTO INVISIBILITY , AY 
AN atin PERS OIDeS 


KE CAL 


Ts REDUCES IS CALLED 
MITOGIG. 





g9 


THE PROCESS OF MITOSIS |S EXTREMELY 
ACCURATE. IT ENSURES TANT EVERY “DAUGHTER” 
CEL GETS A PERFECT AiD COMPLETE SET 
Number ciao ove fe ot 
CKIROM0S0 L ES 
AN CELL EACH SPEUES HAS 7 
NRA CHROMOSOME pore 


Mosquito 6 


Pe, 
ASH 





You MPY 
HAVE OTIC 
THAT ALL 


UMBERS 
E EVEN. 
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\\ 


\ 


SPEKM AND EGO ARE. 
SINGLE CELLS WITH 

ONLY WALF THE NORMAL 
NUMBER, °F CHROMOSOMES, 


00000 
Oo0agqo0o o O 
| , 4 


| eee 






\ 
Oo 


Cony 


mo 








IT WORKS LIKE THS: 


THE SPERM AND EOO— 
The GERM CELLS, OF 
GAMETES, AS THEY 
ARE KNOWN — EACH 












Ar FRETILIZATIOW, THRAR 
NUCL UNITE, GING 
TRE FATILIZED 6, 


FROM Tits CAL ARISE 
ALL OTHERS BY MITOSIS. 
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MORCOVER, \T WAS 
DISCOVERED (OY THE 
AMERICKN WILLIAM SUTTOP 
Y (407) THAT EAC 
CHROMOSOME FROM 
Tre SPERM CAR BE 
MATCHED WITH A 
VIRTUALLY \DERTICAL 
OVE FROM THe Be. 
(ITS EASIER To See WHE 
ue'Re DOUBLED MYO 
CONTRACTED.) 


THus, THRE ME REALLY ALREKDY TWO COPIES OF EVERY 
CKROMOSOME IB THE CELL. THESE ARE CALUD “HOMOLOGOUS 
PAIRS’ — HOMOLOGOUS’ MEANING ‘SAME SHAPE." 


HUMApS, FOR EXAMCLE, WITR 46 CKRoMOSOMeé, REALLY HAVE 
JB* HOMOLOGOUS PAIRS : ONE FROM GAC PAE COM YROM 
Mom PND ove KROM DAD. 


THIS SUGGESTS 





THAT THERE 
MUST BE A 
SPECIAL KIMV 
WSE-FOR MAK 
R \WG 
«WIT 
arn Me Pence GAMETES... 
WE'LL CAPLAN 


62 


TiS PROCESS, CALLED MEIOSIS, |2 ACTUALLY A DOUBLE 


DIVISION: 
AS IN MITOSIS, THE CHROMOSOMES = OUT TH The HOMOL0C US 
Double pwd THareD : ~ ee PAIR OFF -- 













AND Txe FAIRS 
oe a 


Dyrerace 
Berke! 





“ RY 


WHEY? THY REACH LAs an Ite The CHROMOSOME THEN 
SPINDLE VA ISH, AND SEPARATE, AS IS MITOSIS. 
APOLES FORM" THE Ore Mota 


\ E> 


(MORE ob 
1H Sia) 
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MaOSIS RESULTS 
WW FOUR CELLS, 
EACH WITH HALF 
THE CHROMOSOMES 


Bur ALWA 
ON. FROM Ec 





NOTE THAT WHICH COPY (‘HoMoLoG") OF EACK CHROMOSOME GOK 
TO WHICH CELL IS COMPLETELY RawooMm, 
EACH OF THESE COMBIVATIOPS 


& GUALLY AS 

LIKELY AS 

THE ONE 

y \Sies ie 
\NLA\, THAT 15, THE CHROMOSOMES OBEY THE LAW oF 
MT 1 [ \WPERENDEPT ASSORTMENT. 
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NE MAOAS ALD MITOSIS 





WERE UNDERSTOYV, BIOLOGISTS a meni 
BE ORY To SURET TAAT \ 2 
CHROMOSOMES MOKT GVERP z 
KEREDITY... THY LOOKED a \ 
hom» NT PATTERNS oF (A 


INHERITANCE... AND SCIEWCE 
AAW MARCHED — BACKWARD 


To The Laws OF MaDeL! 





TowneD THe ED OF THE 19™ CENTURY THREE SUENTCTS, 
WORKING [NDREPDENTLY, MORE OR Less DUPLICATED THE 
NUSTRIAY MODKS EXPERIMATS AnD RESULTS. THEY WERE: 





& ; : 

aE wt ce 

DeVeies NG iat a We 7 
QO? SOKERM AK 
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1900, ALL TAREE SEARCHED The SCIENTIFIC 
he ene PRECURSORS OF THEIR OWN WORK, AD ALL 
FOUND GREGOR MEROEL ! 

o0Ps! 


, | BRIEG UP 

Pt) THE REM. 

SO ? 
WZ 








A 

CoV To Te 
tae 
WILLIAM SUTTOD KAD 
SOR HOMOLOGOUS 
VMIRS OF 
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To SumMARIZE: 


WAL « SW oom CY ENTE 
CHROMOSOMES BEHAVE Like GENES. THEY 
RETAIN THAR ID@TITY Ip re fe THey 


SEOREOATE \pOETR DayTly W M CAS 
ARE MADE. THREXORE, IT'S 1 To 
ASSUME THAT GENES LIE ON CUROMOSOMES. 
| (TWeRE MOST BE MANY OK GAA ORE, 
BECNISE TweRE MUST BE FAR MORE Gane 
THAW The FAN wy CHROMOSOMES TYPICAL OF 
MOST SPEUG 





a Bai | tas etc! 


i Z eg By 


Tie DISCOVERY OF HOMOLOGOUS om fee CRUD THE 
CDWUECTIOP To MENDES FINDIDOS. ReMemexe , EACH CELL 
AD wis Ph PMR OF NYT FOR EACH GENS. 

NOW IT WAS REMLIZZD THAT: 


Mm & GIVEN GENE LIE AT 
THE SAME POINT ON 
HOMOLOG0Us CiRoNoSMES 


ALL THS ew td oe 
er 


PROVLE 
KG 
Decry 1m to Ke 1 TTR, 
ae HEY DISCOVERED 
\ POW Tos MERDEL 
UPDN'T REALIZED... 
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por OVE TWeb, NOT ALL ORGANIOMS 
UnvE A DOUBLE SET OF 
CHROMOSOMES. MANY LOWER SPE, 
Ke sone FUNG, ANVE JUST fr SINOLE 
ET. 
















SINGLE SET OF 
CAROMOSOMES IS 
cALLep HAPLOID; 
ONG WAT TWO SETS 15 
cMAZD) ees ONE 

CALS PRE 
DIPLOID. wits OUR 
GERM (SEX) CELLS 
ARE HAPLOID. 





DILOID ORONDISMS [wCLUDE ALL The 
EAMILIAR MAMMALS BD BIRDS AND MAWY 
PLMOTS. HAPLOIDS IWCLUDE MALE HONEY BA, MAY 
CUNGI, MID ASEYUM. ONE-CALED CREATES. 














Bewe Me wee, 
Wee WRe Atso ee 
POLYPLOID _OROMASMS, 

wT MULTICUS XS OF 





WAYD 
Ke OLY PLOID. 
(WoT Fes, Pouck |) 


THE OWR MAD PROBLEM WITH MENDEL S THEOR 
WMS THe PRINCIRUG OF INDEPERDERT MoRTMepT 
A REUSE MEASURE CF HOW WRONG IT WS LED 
To Twe PBILITY To MAP OUT GKACTLY UNCRE OP THE 
CHROMOSOME EAU OF ITS CAG MONT LIE... PRD On... 
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To MEXDEL —AMD MS 
HEIRS — GENES WERE 
JUST ABSTRACTIONS, 
LETTERS You CoULD JuécLle 
To EXPLAIN AKO PREDKT 

How HERENTARY QUALITIES 
WOULD Be PASSER 

ALOvo To FUTURE 
GONERATIONS. 


Now IT APPEARED spat 6b 8 G G0 
Otel op Jers. THY ee © CEG Se, Ce_e © 
Lay Iv Some ORDER ALON’ 
THe CHRoM0SOMES OF 
ey CELL, AWD THE Two 
ALLEL OF EACH Cee 
WERE ON THE Two 
CKROMOSOMES oF A 
LomMcloG9Us PAIR. 


MAPMAKING ff. 





















sci 


° 
ro 
e o 
2 
= 
- aoe e 
~ 
— z 


owe MIGHT WONDER 
IF 115 POSSIBLE To 
make A GENIE MAP 
Aowine JUST WHeEe 
ON EAC CKROMO- 
SomME ALL THESE 
HERADITARY UNT2 
MIGHT Lie !! 


Wy 
vel 


. NY 


Wu 


y 
re 


\W 


ete 
5 oN 


easy XN 
AN 
yy 


J > 
rt 


aes oD 
= A fi 
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TE ANSWER TO THIS 
DEPENDED ON A SEEMING 
PARADOX, FOR \ OVE 
RESPECT MENDEL'S FINDING? 
CONFLICTED WITH THE 
OBSERVEV BEHAVIOR OF 
CHROMOSOMES, . 








NAMELY — 

THe PRINCIPLE OF 
INDEPENDENT 
ASOORTMENT / 






OBSERVE « THe NUMBER OF GENES MUST BE TREMENDOUS TO 
GOVERN A CoMpLeX ORGANISM, BUT THE NUMBER OF 

CUROMOSOMES IN A CELL 2 FAIRLY SMALL. A PEA PLANT HAS 
\uSt 7 PAIRS OF CHROMOSOMES, A HUMAN 23. ‘alae 


CONCLUSION: 

MANY GEVES 
oy EACH 

CHROMOSOME ! 


eae 









THE PROBLEM: IF Two GENE? LIE on 
THE SAME CHROMOSOME » HOW CAN 
THEY BE INDEPENVENT 2? PFTER 
ALL. CHROMOSOMES PON'T BREAK ARART, 
Co THEY? =SKOVLONT IFTeReNL 
GENES SOMETIMES BE LINKED °° 













PAYSICALLY 
LIVKED— BY TRE 
CHROMOSOME ! 


S0—70 OENES 
ASSORT INDEPEN- 
DENTLY OR NOT? 





WELL, \T TURNED OUT 
To Be SORT oF WALE-AND- HALF... 





<7 THERE 1S LINKAGE BETWEEN SERTAIY 


GENES .... 


CHROMOSOMES ALSO ENGAGE IN A 
G00P DEAL OF GENE SWAPPING, 
OR (AS 17'S CALLED) CROSSING OVER. 





To LLUSTRITE, LETS LOOK 





CORRE, CARDED. VARIETY 

TOMATO. R 
WiTp MUTANT 
MMMONNABE * 







AND TRY NOT To EAT 
THE EXAMPLE UMTIC 
PETER CLASS... 
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(OF COURSE, You Dop'r 
OF TOR SE THESE Ip 
Re MARKET /) 


TomAT0eS HAVE A SKIN- kia 
TEXTURE COE WITH A LA | 
WHICH CAUSES HAIRY FRUIT Sea 





LIKEWISE, The HAGIT 6A BAS A RECEKAVE ALLELE, d 
CAUSING PWARF PLANTS. 






THE RESPECTIVE 
DoMWANT ALLELES 
ARE p*, WHICH 

CAUSED ede 






To TET THe PRIIPLE 
OF [PDE 






WT 

ASSORTMENT, We 

CM) CROSS A 

Doves RKESHVE, 

ppdd, WITH A 

HETROZYOOTE, 

prada’. @ 
HAIRY, DWARF smootd, TALL 
ppd ppt dd 
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SUPPOSE MERDEL WAS RIGHT, AUD THE v's WERE 10 
OF THE d's. | : as) 
ae Te Te 
S oF oS MD 
San - dS. 


HYERID pprddt 
ef Kt 
+ 
Reortowe | dt \ pt 
1 
A 
















COMBIPAT|OPS 
A 


Pe 
lV THIS * h 





WOULD MAKE GA- 
VIETES WiTu ALL 
d 
i 
, np Adt fd pd 
iy 









a 
. iG 
A 

\) 
rd 
Var 
kt 
/ 


4 SMOOTH, TALL = & AIRY. TALL & SMoOTA, DWARF { HAIRY, DWARF 





u 
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ow Sucrose Pp AND A LIE ® We SAME CHROMOSOME. 
ep We AYBRI petdd* KAS ITS ALLELE Of A 
HOMOLOGOUS PMR: 


pr At 


W Tins (HSE, ONLY TWO TYRES OF GAMETES Cap BE MPDE: 
pd PND pd", FATHER TRDY Tie FOUR PREDICTED By MEMDEL - 


CROSSING WITH THE Double 
RECEAWE vpdd, VE GET 





& HAIRY, DWARF 
’P dd 
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AND OF COURSE, WAR THE CROG (5 

pos OP The nee tee 
| WHAT 
ACTUALLY GET: A 9090 
SPLIT OR AR EQUAL 
4A-WAY SPLIT z 


IT SEEMS THAT NEITHER SORRY, OF Ge ! 
PREDICTION 15 CORRECT. 

ALL FOUR TYPES Do ) 
APPEAR, BUT ID THESE 
PROPORTION : 









SMOOTA, TALL HAIRY, TALL SMOOTH, DWARF «= HAIRY, DWARF 


pptdd* ppdd + ppt dd pp dd 
48 7 2% ao 4B % 





ITS CERTAINLY 


CUS TO THE 
PREDICTION BASED op 
UYKAGE THAD To 
MEYDELS. BUT If 
P ALD dA ARE 
LINKED, THe 
WHERE DID THOSE 
Lic COMBIPATIONS 
COME FRom 22 









[CAP TAKE THE 
DISATPOWTMENT.. 





1 AM DEAD - 


7S 











NOT To PROLONG THE MYSTERY — THe GEES Pp AND d ARE OW THE 
SAME CURomOSOmME, BUT CHRoMosoMES CAN EXCHANGE GEMES. 
ITS CALLED CKOSSING OVER: 


DURING MEIOSIS, HOMOLOOUES AT CERTAIN POIDTS SEEMMOLY 
LINE UP WITA CORRESPONDING thosey AT RAMDoM, THE 
ALLELES OPPOSITE ONE APO. CHROMOSOMES TOUCH: 


Se _ 
r 














PT 

a OP 
SOME SEGMENTS CROSS WHEN THEY GEPARATE TAEY 
OVER : HAVE NEW COMBINATOpS 






OF ALLELH. 












WHEW THAT HAPPENS To OUR 













HETCROZYGOTE, SOME OF THE OTe: THANKS To 
RCSULt NO CAMETES GET THE Me aea pe OVER, The 
"RECOMBINANT" CHROMOSOMES. EYROMOSOMES YOU 
HENCE THE EXCEPTIONAL CROSSES / VAs ALONSO To YOUR 
ey ARE NOT 
OUR OWN, 
BUT ete A - 
SHUFFLED: ToGeT 
COMBINATION / 
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(Nyce CROSSING OVER WAS 
DiNeele ae IT WAS 

EN To BE 
Key To enon aan: 


ts 


TWO GENES WHICA 
E Close 


OGETHER ARE 
tee 


=m MOKE 
FREQUENTLY 





oe ~~ Pan J Sab Eo) —KT =. 
rl Ae Ven Fog Ga na Pe TT TA 7 >) rs mS Ts NN 
a ee a nt 


So WERES HOW YoU MAKe A GENE MAP WITHOUT EVER seano™ 
A SINGLE GENE : 


gs) 


weet 


First WAKE A VAST NUMBER OF 

064% BETWEER INDIVIDUALS 
VIFFERING IN VARIOUS FAIRS 
OF TRAITS... 


Sa, 
SoS ~— 


SS 
SL SS 





\ 
a 
= 


os 
Se 
Sass 


if 


17. 4EE Yow OFT EACH FAIR 
oy SUPARATED BY CROSING 
OVER (By Lookin BT ThE 
OFFSPRING). 


et YO pe 
NN St Os LAP TF Le 


~Q NADY O W DB 


— 


a 7 
aS 
OF ae AN 
a 


ae 


Ths PLOT THEM OUT: Those 


MOST CLOSELY LINKED ! 
WILL BE CLOS&r 
TOGETHER , < 


Sd 
=— al 





Ete! «I? ’ 
; A b 
a © me 1 Ip me 4 
~ a pitt BED Tey won, 
AYYLIED To ET 
OR ONISIS. DEARLY 1000 GENK A BREEDIPC 


HAVE Bee» MAPPED IN ThE EXPERI MEP TS. 
BACTERIUM E.Cozs, ApovT Zoo 
|v THE TOMATO, 200 Ip THE 
HOUSE MoUbE.... AND A FEW 
HUNDRED WW HUMAP BEV GS, 
ALTHOUGH THIS WAS pone BY 
VIFFCREAT MEADS... 
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PAY LABION » 2 










wow! 
\ MUTATIOP 
IN PROGRESS 





{ 


So FAR, WE WAVE Bey 
THWKWo OF GES AS 
"ATOMS OF INHERITANCE “— 
UNCAMGING, IMMUTABLE 
UNITS OF HEREDITY. 


A SLI6HT 
CLAGGERATION! 


NoT OLY ARE 


CEES 
MUTABLE, BLT THEY 
DO MUTATE FROM 
TIME TO TIME , OWING 
TO COPYIPG ERRORS 
AYD VARIOUS 
ESVIRONMENTACL 
INFLUENCES. 





TWEE ~MUTATIONS —IT 

MEANS "CHANGES IW Ae, MORE, Prope! 0 
LATID— PRE FAIRLY RARE : CHANGE TRAY OTHERS! 
The CHANCE OF AMDING 

A MUTATION 


Iv A 
GWEN GENE Ip AP INDIVIDUAL 
\S 





Jw 190,000 





EVEN AT THiS RATE, THY Do ADD UP! A UMAR HAS Some 
2.00,000 GENES, SO WE CARRY AN AVERAGE OF TWO New 
MUTATIONS APIECE. 


GREDT 
SUADES! 


K CHANGE 
OF miRy 


CAUSE GROSS 
DEYECTS, BUT 
MOST OF THE 
TIME, MUTATIONS 
ARE MORE 

















Uke 
MONSTERS. 


80 









SOMETIMES, MUTATIONS 
MERELY RESULT IN 
A NEW RECESSIVE 
ALLELE, LIKE HAIRipess 
IY TOMATOES. YOU 


DON'T SEE ANYTHING AT “aaa : 
ALL UPTIc TWO a RUCK 4. AG At 
IWDIVIDUALS WITA THE Ia ilo 


SAME MUTATION WATE TR areca 
O FORM fA KOMOZYOUTE. Se 
TheN —_ 
SOMETIMES MUTATIONS ARE CoMPLETELY SILENT — PRODUCING NO 


CHANGE AT ALL —AND SOMETIMES THEY CAUSE CHANGES So 
SLIGHT AS To BE BARELY PERCEPTIBLE... 
















tuT YUAN 50 OFTEN 

THE GAKTIC “ERROR 

(AY Be I POA TW 
MUTALE To The 


Lucky MUTAST I 


a 


~ 


rr 
d GA wat 


Sart: 
WS 


& 
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MUTATIONS ARE NOT 
ALWIHS SPONTANEOUS... 
Oe a rsh xe 

5 0 \D 
INP Liendes CAN |NCREASE 
THE NOpWAL FR CY 
OF MUTATION... 
SUCH AGENTS ARE 
CALLED MUTAGENS. 





cr 4 qi 


OZ 


NN 


uy 













Soe. E 
Gos some CHEMICALS & 
oF ARE MUTAGENS... 

SS 





cs 


a 
~~ 






# 
Ez 


Se 


F S50 1S MOST RADIATION... HERMAKN MULLER Whe THE FIRST To 
DEMONSTRATE THE MUTAGENIC POWER OF Y-RAYS, IN 1927, WHEY 
HE IRRADIATED FRUIT FLIES (A FAVORITE ANIMAL OF BEVETICISTS): 





MUTATION I BODY CELLS (SOMATIC CELLS, AS DISTINCT FROM 
GERM CELLS) MAY Be INVOLVED IN CANCER... IT MAKES 
SENSE: THE GENES CONTROL EVERYTHING ABOUT THE 
CELL, INCLUDING THE PROCESS OF DIVISION. ALTHOUGH 
THERE ARE STILL MANY MYSTERIES ABOUT CANCER, IT 
INVOLVES MUTATIONS THAT LEAD TUE CELL To Diviog 
OUT OF CONTROL. 





MW MUTAGAIC AGOTS ARE pLSo CARCINOGENIC (cANLER- 
CHSC) —WHICH 16 WY ThE FOOD + DRUG PEOPLE LOOK 
DUT FOR WUTAGERIC FOOD ODITIVE... APD WKY You SHOULD 
LIMIT YOUR SUNBATIMNb, PECIALLY \e You HAVE PALE 


SKIP: (ULTRAVIOLET LIGHT [5 WTAGEPIC.) 


Oy Ga 
ou 





WHAT DETERMINES SES 2 


THE COLOR oF PEA 
oxtae OR 
URE OF TOMATOES 
THE PRCA oe SMOOTH 
- he age TRL 1, 
HE, \ | ee ane 
IS ite ie | > —— HAIRY 
SINGLE GENE... 
BUT WHAT 
GOVERWS THAT 
MOST OBVIOUS, 
INTERESTING, AXD 
(IY HUMAVS ) 
DITERCMCE Ec 
Be 
ISDIVIDUALS : — 
TE DIFFERERCE NaRKae 
BC TWH MALE 
AND FEMALE? 


m_m =~ ee * = =o 







LP SMOO Ti 


SPERM 
APPARATUS 


Elo 
PARARHEE - 
NAUP 





THROUGHOUT HISTORY. 
50 MANY THIVKERS 
THAT ONE 18™ CENTURY 
WRITER WAS INSPIRED 
TO COMPILE “2-67 - 
GROUNDLES RYPOTHESE: 
HIS OWN GROUNDLESS 
HYPOTHESIS BECAME 

THE 263°... 






» 


A T)=- 
£X 
ed 


a | 
f ) \ 
A 
-~ 


TUN 
SAN 


\}4) 
es 





BUT OF COURSE \TS 
IW THE GENES... 
NOT LONG AFTER 
HOMOLOGOVLS 
CHROMOSOMES WERE 
DISCOVERED, 
SOMEBODY NOTICED 
AN EXCEPTION: 
HUMAN MALES HAVE 
OVE PAIR THAT [9 
NOT WomoloGoug / 





THE LARGER OF THESE CHROMOSOMES 
WAS CALLED X , THe SMALLER, ¥ 


THE ONLY GENETIC DIFFERECE BETW HUMAP) MALES AW 
FEMALES \S THIS: PONE APLIS WD 


FEMALES 
HAVE 
Two 


X 
CHROMOSOMES: 





THe OTHER 22 OTHER PAIRS OF CHROMOSOMES ARe THE SAME. 
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LETS JUST MAKE 


hy TAIS ee y \ 
ee AK) > OD 
RIGHT AMOUNTS. 
SO 


MEIOSIS PRODUCES EGGS CARRYING THE X CHROMOSOME, SPERM 
ARE EQUALLY DIVIDED BETWEEN X AND VY — 





HOWEVER, THe 

BASIC GENETIC QUeTION 

REMAINS: WHICH 

GENES ARE RESPONSIBLE 
HAT ? 


fe HAT < 
15 IT THE Y CHRomMoSomE 
ToT MAKes A 


WHAT WOULD HAPPEN 
TO SOMEBODY WITH 
TWO XY CHROMOSOMES 
AND AY 22 









THESE QUESTIONS ARE ANSWERED BY LOKING 
AT CASES OF FAULTY ME/06/5... SOMETIMES 
TWAE 1S AY ERROR IN MAKING SPERM: 


NO SEX CHROMOSOME 


@-.-8 


TH 
CKROMOSOMES 








THN: be THE XXY “KLERFELTER'S 
SYppRrome') 6ROwS UP MA 


LE. 

EVA) IW THe PRESEN OF Two 

X UKROMOSOMES, The Y CAUS% 

MALENES. THE SINGLE X 
OWS UW FEMALE, 









So 11S THe 
Y THAT a 


~ ) THE GU 
Py 


"KLEQufELTe2 
ANDROME“ (i 
“TURNERS HpDROME" 
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¢ 


/:\yOTHER ABNORMALITY '5 THe “SUPER MALE ComewpATicp XYY, 
WHICA OCCURS IN ABOUT ONE BIRTH Ip A THOUSARD. Xyy CHORE 
GROW UP TO BE NORMAL MALES —ExcerT THAT THe? es UP 

I) PRISON ABOUT 20 7/MES Moke OF TA THAD THE REST OF 

THe POPULATION. ABOUT 5% oF ALL PRISONERS HAVE 

AN CXTRA Y CHROMOSOME. Some Say: 







BaAUARE 
THe CRIMWAL 
IWARYOTYPE * 


t 


ale 7 
XENYOTHRE * AY ORGAWNGM'S ATTERY OF CHROMOSOMES 





MosT GEPETICISTS WOULD BE MORE CAUTIOUS... ThE VAST 
a ure 9 4 of XY aw ie ARE NOT |p 
20 NTS IMPOSSIBLE TO SAY TMT THE 
KARYOTYPE CAUSES CRIMINALITY ! a XY¥ 




















SEW ARE 
“The AMATHR 
GENETICIST 7 


lbs c4 


aT) 


= 
LENG 



















UN on 





(Pk, De rh 
AER? aed) in 
OGTR 
ae : 
WT MKS a 
TTT Ieee 
SL ae 
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NOT NECESSARILY. SEX DETERMI- 
| 
Do ry wiTll NATION 16 HANDLED ALL SORTS 
SEUCS WAVE Tre SAME SYSTEM 
\> We eo TR a 


BUT AMONG BiRDS ITS JUST THE 
OFPosITE — 


AND Be ARE REALLY Bee-TAPFE 
MALES DEVELOP FROM UNFERTILIZEP 
CoS. Twey'ge AU HAPLOID, 
WHEREAS ALL DIPLOIDS Pee FEMALE 
(The VAST MAAORITY OF THE live ). 

WEWISE, PRES KAVE BO SREUGC 
SEL CHRONOSOMES. 


wil You LISTEY 
To ME | SwEAt 



















THEY Teepe ARE THE TRUE ODDITIES. WITH MO GENETIC 
VIFFEREYCE BeTweey MALE Pvp FEMALE AT ALL... 


WHEN THE LARVA OF THe MARIME WoRM 
POOR te DENT OP Mite, OCEAY 

i Ec O \ ME Te a 
LONG FEMALE. _ * 


BUT WHA) L INV WHICA CASE, 
ca Dg IT MATURES 
Oe \% 
t FEMALE, Werk 
IT WORMS 


\TS WAY , 

INTO HER WHICH WAY 

BODY. Gy To THE 
ee 


OVARIES 2 






AND SOMETIMES 
at yUAS DIFFERARES ARE 
SIMPLY SUBTLE... 
CERTAIL PROTOZOA 

















HAVE TwO SEXES, 

BUT TRAY DIFFER 

aeve ; wee \e You CART 

ORGADEME USYALLY TELL, HOw CANT: 
RODUCE aSeKuaLey 
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x} 


Vow BACK To HUMANS... 
WEVE Sew TWAT ALL 
Tae GEVES ACCOUNTING FOR 
PURELY SEX-RELATED MATTERS . 
HAVE secumue hep OY JUST ~ / 

TW CHROMOSOMES Y FOR. Ze 
FOMALE , Y FOR MALE... 






WHERE ARE 
ThE Genes 
FOR WINGS? 


Ly NOW! WE MICAT ASK THe uLolo . 
bs UTE Ate eee Me 
NN THSE C 
om 1H 3 Ha 


Cai 4 
sl 
Fe 448 
ZN rp 


THERES A GOOD REASOP iP aK HUMANS & pe SEVERAL 
La S TWAT APPEAR TO FE SEX-LINK EP 5 


: a7 OTD 


POR 
iam HEMO- 
BUND. PHILIACE” 


Pearle 





KWEMOPHILIA = A FAILURE OF THE BLOOD To CLOT. HEMOPHILIACS Cay BLEED To DEATH 
FROM A SMALL CUT. 6, 


FROM THS 
You MIGRT 
CONCLUDE 
TWAT THESE 


OV The ¥ 
Choma Zo ME — 
BUT You 

BE wove! I/ 
ACTVALLY 
HEMOPHILIA, 
COLOR - BUILDS, 
PHP HEREDITARY 
BALDNESS ARE 
ALL CAUSED 

bY RECESSIVE 


ALLELES 
LYWG OW THE 


x CHRomosomel! 














TAKE THE EXAMPLE OF BALDNESS: 





THE REASON WOME) ARE RARELY 
PALD IS THAT, EVEN IF Te HAVE 
THE BALD >’ ALLELE ON OWE X 
CHROMOSOME, THEY SUNY HAVE THe 
POMWANT WON-BALD OW THE OTHER. 


WUT \T SHOWS UP IM MEN BECAUSE 
THE Y CHROMOSOME HAS NO 
ALLELE FOR TWAT GENE aT ALL. 
I) THe ABSENCE OF A DomMIWAXT 
ALLELE, THE RECESSIVE [5 
EXPRESSED! 
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LET'S SEE HOW THESE SEX-LIMKED GENES ARE PASSED ALONG: 


SuRfose A 
NoRMAL WoMAY 
(XX) HAS 
CHILDREN BY 

A BALD MAy 


eau 









‘IE 


ey 


THE DAUGHTERS (YempX) 
ARE ALL CARRIERS... WOT 
BALD THEMSELVES, Trey STILL 
CARRY “THe VE GEVE. 
TRE SONS PRE NORMAL. 
nS iF four MOTHER 1S 





pel 
Wy -. 
yp Fb 


MAL, YOu CAN'T 






Mil 77 \WKERIT BALDPESS 

FROM YWouR ee! age Ga CC 
NOT GENERATION: SUPPOSE 
a ee THe CARRIERS 


MPATIRI 
NORMN? MAW. 


ON THE AVERAGE, 
HALF JAE DAUGHTERS 
WILL Be CARRIERS, AKO 
HALF THE SONS WILL 
BE a — 
WY \ You Cay INKERIT 
BALDNESS FROM 
GRAVOFATHER | 


HEMOPHILIA FoLLows 
THE SAME PaTTeRn. 
THE MOST FAMOUS EXAMPLE 


WAS QUEEN VicToKia 
OF ENGLAND nyo 


WAS A CARRIER 





Med I> No RECORD, Of emMoPHILin i’ VICTORIA'S 
AWCESTORS 50 WE SSUME THE DEFECT 
IY HER GENES AS A SPONTANEOUS MUTATION. THIS H coe 


WITH HEMOPHILIA IN AY TIMATED 4 CASE IN CeRY 
70,000 PARENTS. 


“i al 

IoD 
Sinks 

a ) 


Ne 





HEMOPHILIA 15 PASSED ALONG JUST LIKE BALDNESS, AyD 
You CAN SEE THE PATTERN IW VICTORIAS FAMILY TREE 


DL! ! 
© - FEMALE VICTORIA ALBERT (= MORMAL FEMALE 
C): wormar MALE 
we = Male HEMOPHILIAC 


bom AOA OBE BOUCOURE 


VICTORIAS NUMEROUS BROOD INTERMARRIED WITH THE ROYAL 
HOUSES OF EUROPE, SPREADING THEIR MEDICAL PROBLEMS 
INTO PRUSSIA, SPAIN, AND PRE-REVOLUTIONARY RUSSIA... 














WAIT! DON'T 
Sy00T! A SCKATCH 
COULD Be FATAL | 
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WHE 5 war com 


How Far Science KAD Come 
MEMDEL AND HIS WEIRS 
HAD YOLISHED OFF ALL 
ROLE OF MOTHER AwD FATHER, 
THE MATURE oF HYBRIDS 
AND SPORTS,” WHAT DETERMINES B 
SEX, AND EveEy WHAT CAUSES 
THe QUALITIES OF LIVING 
THINGS... 
























ALL THese RAD 
BEEY EXPLAIPED 
IS TERMS OF 
Gees io BEEN 
LOCATED, MAFPED, 2) (os 
AYP THAR Zz G Be 
Ree a a s LE 2 Ap 
NHERITAYVCE = Lacs ; 
Wi AED Now Just NE Ge ee 
OVE QUESTION fi aX Ht = 
REMA\WED ~. fig A, . 





YE>— WHY Do GENETICISTS 


-agr i: 
I$ 34-34 4 
LPT +? b 






GET READY 
TO TRAVEL To 
TERRITORY ! 
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Garde he 
Tye 

LIFE FORMS) aS 
GORILLA ANO A 
BANANA... THE 
QUESTION 14 ~~ 













KOW Vo THE GENES 
a 10 MAKE THE 
AND TAG: BAN ao 

BANANA. 22 A 
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FROM KERE YoU CAN SEE 

HOW THE GORILLA |S 

=> MADE OF CELLS. To 

i aha — APE 6 
<9 LL WAVE To MAK 

= <= => OF WHAT GOS OD IK TAESC 

TINY CHEMICAL FACTORIES. 






ONFORTUBKTELY, 
NOT ALL 
GORILLA 

CELLS ARE 
ALIKE -.- 
THESE RED 
BLOOD CELUS 


ARE DIFFERENT 
FROM SKIN 





98 


SIMILARLY, THE BANANA PRESENTS A WIDE Diversity 
OF CELL TYPES... 







\iS FILLED WITH ALL 
RTS OF WEN 
TiINER BODIES..- 





--- MAKING BANANAS AND GORILLAS EXTREMELY HARD TO 
FIGURE Out fF 


HMM... THE GOLOI 
BODY CONNECTED To Tue 
ENDOPLASMIC RETICULUM... 
Tw ENDOPLASMIC RETIC- 


ULUM CONNECTED To 
THe NUCLEAR MEMBRAUE. 
--- NUCLEML MEMBILANEG 
CoNNECTE To... 
2 SIGE * 



















WHY DION'T 1 


IN. FACT, GORILLAS ANO 
LISTEN To MAY MAMA 
BECOME A 


BANANAS ARE 20 
COMPLICATED, THAT 
FOR MANY YERKES 
SAIENTISTS DESPAIRED 
STANOI 

MOLEXULBR GERETICS 
OF PLANTS AND 
ANIMALS. 
















INSTEAD, THEY 
STUDIED A MUCH 
SIMPLER ORGCANIOM: 
A Tiny CREATURE 

FOUND LIVING BY 

Te BILLION — 7 
RIGHT...IN... HERE 








COLI, THAT 
ThRives IN TRE 
INTESTINES OF 
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We TEND To 

THINKT OF PACTERIA 

IN TERMS OF DISEASE, 
BUT E-COLI (p> ITS 
USUALLY CALLED) (6 
ACTUALLY QUITE 
BENIGN AND USEFUL... 


LIKE OTHER BACTERIA , 
E.COL( \> FAR 


LESS COMPLEX THAN 
THE cELNS OF HIGHER 
LIFE FORMS, IT 
LACKS MOST OF THER 
INTERNAL ORGANIZATION, 
AND \TS CHEMISTRY, 
WHILE COMPLICATED 
ENOUGH, 15 MUCH 
SIMPLER THAN THAT 

OF APES ADD BANANAS. 


ETS GET INSIDE 
OWE OF TWECe 
FE. COLI WWD SEE 


How IT LOOKS... 















THIS US THE VIEW 
TROM INSIDE THE BACTERIUM 
&.COLI / ALTHOUGH IT 

LOOKS PRETTY Copfusn6 
AT FIRST, we CAN MAKE 
OUT A Faw OBVIOUS 
FEATURES! 


6 AGD “ 
THAT TANGLED Zs 
MASS |S THE SINGLE a Gs Sy 
CHROMOSOME , * e 


CONTAINING THE 
GENETIC MATERIAL. 
TRAILING OFF THE 
tae ARE 
ME L 
STRALDS WITH 
DOVBLE BALLS 
SLIDING ALOPG 
THEM, THE SITE 
OF SOME 
ACTIVITY . 
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o 





° 
5 < 


co 


oe . 
IW Tae MipODLe 


"GROUND, SOME 
CP =(PROE, LUMPY 
MOLECULES ARE 
PULLING APART APO 
PUTTING TOGETHER 
VARIOUS LONG. 
STRINCY THIPES, 
AYD ALL AROUND 
ARE TINY BITS 





WATER. (CAPT Do 
witaout IT! ) 


HIS 6 Wen Se K er TO 
TERSTANY. To DO 30, 

ie To GET BUEN SMALLER ANO 

LOOK AT EACH Plece IY TURN. 


a ’ qv 





hy 


WD AY ' 
co 


‘TAY = 
Ws 


Y 
» 
\ 
\ 
\ 
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® 
HYDROGEN) OXYGEN 


NITROGEN 


SURPRISING AS IT MAY SEEM, 
ALMOST EVERYTHING IN THAT SOLFUR 
COMPLEX PICTURE |S MADE CF ~~ 

JUST S/X DIFFERENT ELEMENTS. 








IN TAG CELL THESE ATOMS ARE Jopep TOGETHER To 
FORM MOLECULES. 






THE SIMPLEST AND MOST 
ABUNDANT BY FAR IS 
WATER , *20- 












ANOTHER SMALL ONE IS 
THE PYRAMID - SHAPED 
PHOSPHATE , Os. 






A BIT BIGGER ARE 
THE RING-SHAPED 
SUGARS. THIS ONE 
IS GLUCOSE, Chi. 








104 


BUT MOST KINDS OF MOLECULES 

I) THE LIVING CELL ARE ENORMOLS, 
COMSISTING OF THOUSARDS OF 
ATOMS. These MACROMOLECULES, 
THOUGH LARGE, ARE GENERALLY 
MADE HY STRINGING TOGETHER 
MANY COPIES OF IDENTICAL 

SUB: UNITS. 


SURROUNDED 
BY SUOAR! 
(mM IS HEAVEp! 


FOLYSACCHARIDES | FOR 
EXAMPLE , ARE JUST CHAINS OF 
SUGAR MOLECULES. TYPICAL 
POLYSACCHARIDES ARE 
STARCH AND CELLULOSE. 


« LIPIDS ARE A CLASS 


H OF MoRE COMPLEX 
MACROMOLECULES, 
HAVING AT LEAST OnE 
EXD WHICH 16 REPELLED 
BY WATER. LIPIDS 
FORM 

COMPONENT OF 

CELL MEMBRANES 
ANO INCLUDE ThE 
ANIMAL FATS AD 
VEGETABLE OILS. 





105 















TILL MORE COMPLEX, BUT MOZT |MPORTANT IN GENETICS, 
ARE THE NUCLE/C ACIDS ND PROTE/NS... WATCA CLOSAY: 


THE BUILDING BLOCKS FoR 

NUCLEIC ACIDS ARE 

CALLED NUCLEOTIDES. 

hy INDIVIDUAL NUCLEOTIDE 

\ISELE HAS 3 COMPONENTS: 
A SUGAR. ® PHOSPHATE. 
Wp A BASE, Like 50 — 





HOSPHATE 
: WJ 





THESE ARE HOOKED TOGETHER TO MAKe A COMMMAYANE 
SUOAR-PHOSPRATE “BACKBONE” WITH A SEQUENCE OF BASES 
STICKING OFF: s 
ae base 
ehosphate 

‘eugar - base 
phosphate 

Suga — base THIS MAY GO on 


/ FOR MILLIONS OF 
yes ae NUCLEOTIDES | 


Ges 






THE SUGAR MAY 66 ONE OF TWO KINDS, WHICH We ILLUSTRATE 
WERE WITHOUT ALL THEIR PESKY HYDROGEN ATOMS. (THEY 
Just CLUTTER UP ThE PicTURE!) 






~__ ou SEE? ONE 
LES OxXyoEn! 
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THE roar ATE 








Y 
WELL TOUCH THE BASES 0 a" 
LATER ... Now A 
ry JUST SAY THERE LQ 
E 5 KINDS WITH THe Pic 
NICKKAMED AC. G, T, GY DD 
AND UV. oo z 
IN ANY GIVEN NUCLEIC © [CJ 
ACIV MACROMOLECULE, QW oOo 
ALL THE SUGARS ARE O< 
THE SAME. Y eG. 
NucLeC ACIDS WITH OS, ate 
pow 7 CALLED CEL 
/ EIC ACIP, re) 

OR KNA. Tros€ WTA @. AU 
DEOXYRIBOSE ARE a 
Cena Xt 

ID, AQ 
66) 6.2 
aoe om 
\N ee DNA AND RNA, ve 
BASES (MAY BE DIFFEREXT s A! 
ron OVE NueveoTipe To >~d 
THE NEXT, 7 et ty ae 
THE APPEARANCE OF M On 


& 
ESSAGER JA, 
IW) 50ME STRANGE MOLECULAR LANGUAGE! a w 
Gs) 


107 










NS 


a Ore IT WOULD 
WO Te 
ARE THe MOST COMPLICATED To GXCLAIY- 


MACROMOLECUL® OF ALL. 
THE BIOLOGIST MAX fERUTZ 
CPENT 25 YEARS —MOST Of 
iS CAREER — ANALYZING WOT 
ONE 0 THEM: HEMOGLOBIN, 
THE PROTE\W THAT CARRIES 
OXYGEN THROUGH TKE 
BLOODSTREAM . FOR TIS, 
PERUTZ RECEIVED Tue 
MOPEL PRIZE |W 9U2... 


















YET IN A CERTAIN SAISE, PROTEINS ARE SIMPLE, Too: LIKE 
ie rte oe THEY ARE LONG CHAILS OF SMALLER 
UBUNITS . 










4 LK ACTUALLY, HEMOGLOBIN \S 


: QI TWO PAR oF SUCH CAMPS, 
ass D0 eae A 
ep 


vx 
we: DD Ve Ip 
wea CY SUMMETRICAL TADOLE . 


aah 









The SUBWITS 
OF FROTAN 
MOLECULES ARE 
AMINO ACIDS, 
WMC PRE POT 
NAMED AFT 


IDI AMIN, 
THE FORMER 
DICTATOR OF 
UGANDA. 


THE TYPICAL AMO ACID 
LOOKS LIKE THIS « 


\TS THAT CLUSTER of 
“OTHER ATOMS THAT 
COMPLIC ATES MATTERS... 









po OLYCINE 5 = LEUCINE 
QUITE SIMPLE: HAS A BRAWCH: 





£ 8 TEINE CONTAIS 
“ 


9 PHENYL ALAN/NE 


O-o-ae, HAS A Rio: TRYPTOPHAN 
. « © Hae RIS OP 


i RINGS 
y© -9 Bo 










\y “HY ‘egae ae 
ASPARAGINE 18S y_@/?ra* 2 O. 
EXTRA NITROGHD: I -@ 

a a’ ~H ft 3 a 

@ ‘eo —H 









\ 

In ALL, SOME 20 ©’ 4 

"STANDARD" AMINO ‘g wre 52 

ACIDS 60 |pTO ve ~e- -~® d OM 

PROTEINS - H~@-" H p-@-u 
mone WEP] gt 
Ayer 

H 

“ AM Two OF THEM CA JoW) TOGETHER 
VALINE VAL To FORM A PEPTIDE..VERY PEPPY... 
Pteucwe | Le ADP come WoRE RAD WU GET P 
ue | CHAN TEM 


2/8 


THREONINE 


PSPARTIC ACID ASP 
GLUTAMIC ACID 


. 


ASPARAGIVE AS 


CYSTEINE CYS 


a 
> 
aD 
So 





aie 
OIai gn 


TRYPTOPHAN 


= 
ale 


PROLIVE 





(HYDROGENS OMIT TED! ) 
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NOT ONE EVERY VRoTGN HAS A PRECISE NUMBER 
AND SEQUENCE oF AMINO ACIDS. 
MUTUAL ATTRACTIONS AMone THEM 
CAUSE THE CHAIK To COL UP INTO A 


FAIRLY ComPACT, BUT FLEXIBLE SHAPE. 





OFTON, % WIT 
HEMOGLOBIN, SCERML 
POLYPEPTIDE CHAINS 
MPY COIL TOCETHER . 













WHAT Do PROTANS 
pO FOR A CEU? 
YoU PROBABLY TINK 
OF THEM AS SoMETNYo 
TAAT BURKE 
SWAMPo0... 

OR MAYBE You 

KNOW ABOUT THE 
VROTGN IN 
PIWORRNAILS, FEATHERS, 
AND HAR.-- 

BUT ACTUALLY, 

MOST PROTANS 


ARE SOME INO 

ELSE AGAIN... ‘ 
HA HA Ss 
HA - 


Oucd oS Fe 
a 
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. 
Po 


Cd 


r ZB 


a Py 
a) _ ad 
ad oS 


PROTEIN- ENRICHED 


() 
AVOID HAIRY STOMACH — 
Do NOT DRPK ! 










ENZYMES ARE PROTEINS WHICH TAKE APART OR puT 
TOGETHER OTHER MCLECLLES. EACH ENZYME 15 
RESPONSIBLE FOR JUST ONE SPECIFIC REACTION. 







IN WAIT FOR THE RIGHT THE 
MOLECULES To Come RCD, ALL. MOLECULE... 











Wh; 









AND COMBINES THEM... a b Pelco 
Legit? 
ton ; > “ ) Sproe 
: _ NS) § Uae SERED 
r » 
= te Y 










THE ENZYME ITSELF REMAINS IN A SIMILAR WAY, PIGESTIVE 
UNCHANGED IN THE PROCESS. ENZYMES BREAK DOWN LARGE 
MOLECULES. SEVERAL KINDS, 
FOR EXAMPLE, CHOP SUGARS 

OFF POLYSACCHARIDES HI 
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THESE PROTEINS ARE 50 {MPO 
EVERY ONE OF LIFES CHEMICAL 
SOME ENZYME. 


UP THROUGH THE ROOTS 
OF THE BANANA TREE, 
fee ELANTS GtvaNileg 
CONVERT THEM 

INTO TAE CONSTITUENTS 
OF A BANANA... 









RTANT BECAUSE VIRTUALLY 
REACTIONS (6 DRINEN By 















ITER UES i Se ORILL A 
EATS THE BANANA, THe 
APES ENZYMES DIGEST 
THE FRUIT AND TURN 
IT INTO PA APE... 


... AND LIKEWKE FoR 


Rose MAKES , 
| THE ENZYME* | 


omy c S 
em) 
Va 





An org aniem 


‘4 made By 






€ 


art 
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ONE GENE, ON: ENLYME 





THE RELATION SK? 
BETWEEN GENES AND 
ENZYMES FIRST 
BECAME CLEAR ip 
THE 19403, THANKS 
To EXPERIMENTS 






yy 


WE xl PERFORMED BY 
Oph Be BIOLOGISTS GEORGE 
ZING BEADLE AND 
Yip Yy EDWARD TATUM, 
eae WORKING WITE 
AE MUTANT STRAINS 
AeA OF THe COMMON 
Z BREAD MoLD 
A NEUROSPORA 
Za GROWN IN BATHS 
a OF CHEMICAL 


i NUTRIENTS. 
CLE 
ee a Se TATUM 


EACH. MUTANT Was 
FOUND To REQUIRE 
MORE CHEMICAL 
NUTRIENTS IN ITS 
DIET THAN WERE PEEDEV 
By NORMAL MOLD 

FoR EXAMPLE, ONE 
MUTANT HAO To BE 
FED AN EXTRA AMINO 
hOAD WHILE ANOTHER 


UiRED > 
CERTAIN VITAMIP- 
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THE REASON , THEY ... WHILE 
es WAS THAT Tue MUTANTS ' 

NORMAL MoLp COULD NOT- 

WAS ABLE To ‘ BECAUSE THEY 

MANUFACTURE LACKED 

THe MISSING SOME OF 


NUTRIENTS FROM THE ENZYMES 


2 NECESSAR 
OTHER CHEMICALS 7D DO ao 





BY EXHAUSTIVE 
CROSS - BREEDING 

- AND BIOCHEMICAL 
ANALYSIS, THE 
SCIENTISTS DISCOVERED 
THiS: THE MUTATION 
OF A SINGLE GENE 
LEO To THE LACK 
OF A SINGLE 
ENZYME ... 





XU oes 
ao &sS eee 


The metabolic role 
of the denes is to make 
enzymes arid edcht 
Gene is responsible for 










IN SHORT: 
ONE GENE, 
ONE ENZYME / 





one, specific sit te 





dS 





SO THATS WHAT GENES DO— MAKE 
ENZYMES — BUT STILL NOBODY 
UNDERSTOOD EXACTLY WHAT 
THEY WERE... TAOUGH A FIRST 
STEP IX THAT DIRECTION HAD 
BEEN MADE IP THE 19905 

EY FRED GRIFFITH... 













SY 
ACCIDENT, 
REALLY ! 













GRIFFITH WORKED WITH Two THE OTHER LACKED A 









STRAINS OF THe PNEUMONIA CERTAIN ENZYME USED Ip 
BACTERIUM PNEUMOCOCCUS. Oe = MAKING THE THCK OUTER 
WAS THE VIRULENT “WILD TYPE ee SEEN Iv THE WILD 
IN (a 
a 

x 

WW 





WHEN INJECTED INTO MICE, The MUTANT PVEUMO- 
THE WILD TYPE INVARIABLY  COCCUS6, ON THE OTHER 
CAUSED DISEASE... | HAND, HAD NO EFFECT. 


(, 
V7 if ‘ ; 
W . es 


a 
ele 
a 
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Now GRIFFITA BOILED SOME AS EXPECTED, THESE HEAT- 
OF THE WILD TYPE MANGLING Homi BACTERIA DID NO 
AND KILLING THEM. HARM 


ARE 4OU 
KIDDING? 
MY NERVES 
ARE SHOT // 


THEN, JUST To BE THOROUGH, DESPITE THE FACT THAT 
GRIFFITH MIXED SOME EACH |NOREDIENT WAS 
HEAT-KILLED WILD TYPE HARMLESS IN ITSELF —— 
WITH LYVE MUTANTS. 


NOT ONLY DID THE 
MKE Die, BUT 
LIVE WILD-TYPE 
PMEUNOCOCCUS 
WERE FOUND |p 
THEIR BODIES ! 
GRIFFITH COULDN'T 
FIOURE THIS OUT 
AT ALL I 
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EVENTUALLY IT WAS UNDERSTOOD THIS WAY: 


THE GENES 

OF THE WILD 
TYPE HAD 
SURVIVED THE 
BOILING AND 
INFILTRATED 
THE Live 
MUTANTS, 
TRANSFORMING 
THE HARMLESS 
BACTERIA INTO 
THE DEADLY 
WILD TYPE # 





IN THE 1940'S, OSWALD AVERY SET OUT To \DENTIFY 
THIS“TRANSFORMING FACTOR: 


BOILING BACTERIA 
BY THE VATFUL, 
AVERY PRECIPITATED 
EXTRACTED, 
CENTRIFUGED, 
ANALYZED, 

OVER AND OVER... 





ONTIL HE KAD 
bh THIMBLEFUL 
OF PURE 
GENETIC 
MATERIAL ... 
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ea 
lo A KG, 
f 
A 
(ise 7 


Wun AVERY ee IMS RESULTS IN (940, FAW Sua@meTs 
BELIEVED [iM | 
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vale SOIRVAL SopNREAGE 


ONA? 

6 THAT A 
COVERNMENT 
AOENCY 7 










BEFORE AVERY | 
SCIENTISTS HAD 

VAID LITTLE 
ATTENTION TO DNA. 


AINED THE OUCAP 
DEOXYRIBOSE 


PLENTY OF PHOSPHATE, 
AND FOUR BASES. 


THE FOUR BASES ARE KNOWN AS A, C,G, AND 7, WHicy 


ARE SHORT FOR: 


a 


, an 
b_@. 
Guanine 


oe 
a! 
Pero 


il 
‘o? Yo, 
I 
Ze @ 


wr 
\ ® 


\@~ 
\ 


4 
ie 


THESE WERE ASSUMED To BE PRESENT IN EQUAL PROPORTIONS, 


AFTER AVERY, HOWEVER, RESEARCHERS BEGAN To LOOK 
MORE CLOSELY... 





BY STUDYING X FAY 
PICTURES oF DNA. 
ROSALIND FRANKLIN 
WAS ABLE TO SHOW 
THAT THE DNA 
MOLECULE PROBABLY 
KAD THE CORKSCREW 
SHACE OF A HELIX 
WITA TWO oR THREE 
CRAAING.. . 


£UT WAS IT Two 
OR THREE...2 


ERWIN CHARGAFF ouND: 


@ Ee @MROSITION OF 
DNA VARIED FROM 
ONE SPECIES To ANOTVER, 
IN PARTICULAR IN THE 
KELATWE AMOUKTS OF 
Te BASES ACT, G. 


@D INANYONA, 
THE NUMBER OF AS 
WAS THE SAME AS 
THE NUMBER OF Ts. 
SIMILARLY, THE 
see OF C5 WAS 

UAL TO THE 

NUMER OF Gs. 


WAAT DID THIS MEAN ¢ 
CHARGAFF COULDN'T AY... 
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IN 1952 JAMES WATSON AND FRANCIS CRICK CRACKED 
THE PUZZLE. 





BY PLAYING WITH SCALE-MODEL ATOMS, THEY OBSERVED 
THAT ADENINE FITTED TOGETKER WITH THYMINE, 
WHILE GUAMNE PAIRED NATURALLY with CYTOSINE. 



















CAC BASE PAIR \T WAS ALSO CLEAR A DID NOT FIT 















WOULD BE HELD WITA €, NOR G WITH T- 
WOROaey BONDING, 
A WEAK ATTRACTION 


THAT MAY OCCUR 
BETWEEN A HYDROGEN 
OW ONE MOLECULE 
AND A NON: HYDROOW 
ATOM 0p ANOTKER 
MOLECULE. 





oot 
LM (2 
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7 ls 
“tf, 
¢ 


EACK OF THESE Two 
BASE PAIRS \5 
NEARLY FLAT: 


§0 WATSON AND 
CRICK PROPOSED To 
dTACK THEM UP 

OME AFTER ANOTHER, 
LIKE STAIRSTEPS. 

Two SUGAR. PHOSPHATE 
STRANDS WIND 
AROUND THE 
OUTSIDE . 


ONE COMPLICATION: 

THE TWo STRANDS 

WIND IN OPPOSITE 
DIRECTIONS : THE 
SUGARS ON ONE STRAND 
ARE "UPSIDE DOWD" 
COMPARED WITH THOSE 
ON THE OTHER STRAND — 
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Tals MODEL CLEARLY 
EXPLAINS CHAREAFFS 

OBSERVATION THAT THE 

NUMBER OF 75 IS 

E@UAL To THE NUMER 

oF A'S: T AbD A ARE 

ALWAYS PAIRED TOGETHER! 


THIS 1S The PRINCIPLE 
OF COMPLEMENTARITY : 
ir Quy ie Gs 
CALLM [TS COMPLEMENT. 


Whrsop Mp CRICK GOT 
THE WEA! THEY WROTE: 


“It has not escaped 
cur notice that 

c tring... 1m- 
A possible copying 
the genetic 


material,” 


I) FACT, \T 1S TE KAY 
To THE CERES MAIN 
FUNCTIONS: REPLICATIO® 
AND PROTEIN GUN THESIS. 





SEPMEAION 


GENE COPYING ,OR DNA REPLICATION, AS WATSON AND 
CRICK SAW, 1S SIMPLE |W PRINCIPLE. EACH STRAND OF 
THE DOUBLE HELIX CONTAINS THE INFORMATION 
NECESSARY TO MAKE ITS COMPLEMENTARY STRAND 









SCHEMATICALLY, IT WORKS LIKE THIS: WHEN THE DNA 
IS READY To MULTIPLY, ITS TWO STRANDS PULL APART: 


G 


ALOVG EACK ONE, A NEW STrAND we WIND UP WITH Two 
FORMS IN THE ONLY POSsiBLE way: || COPIES OF TAE ORI&IMpL! 


6g ¢ @ \ , 
EG) GG en .c 
A TA 4; 
CG o 6 
Nas T&S 
“o 1 Ay 

| Ni 
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IN PRACTICE, THE 
PROCESS OF REPLKA™ 
TiO’ 1S FAR MoRE 
COMPLICATED. 

EVEN IN THE MUCH- 
STUDIED £.COL/ 
IT 1S IMPERFECT 
UNDERSTOOD. 


W ECOL! REPLICATION BEGINS WHEN A “SNIPPING EVZ4me 
CUTS THE DNA STRAUDS APART AT A SMALL REGION CALLED 


THE ORIGIN. 


IS THE NEIGHBORHOOD ARE PLENTY 
OF FREE MUCLEOTIDES , THE 
BUILDING BLOCKS FOR THE Naw 
STRANDS. EACH NUCLEOTIDE 
CONSSTS OF A SUGAR, ONG OF The 
FOUR BASH, AVD THREE PH0S- 
PAATES TRAILING ALONG. 
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WHEN A FREE NUCLEOTIDE 
MEETS 11S COMPLEMENTARY 
BASE ON THE ONA, IT 
STICKS, WHILE THE “WRONG 
NUCLEOTIDES BOUNCE 
AWAY. 


AS THE “SIPPING 
ENZYME OPENS THE 
DMA FURTHER, 
MORE NUCLEOTIDES 
ARE ADDED, AND A 
"CLIPPING" ENZYME 
PUTS THEM TOGETHER, 
KNOCKING OFF THE 
EXTRA PHOSPAATES. 


THIS PROCEEDS ALONG BOTH STRANDS 
» SIMULTANEOUSLY — IN OPPOSITE 
DIRECTIONS. THE “CLIPPING EV- 
ZYME CAN GO ONLY ONE WAY, 
, KUNNING SMCOTHLY DOWN Ope 
OTRAYD, WHILE BACKING UP THE 
OTHER IN A SERIES OF SpURTS. 
















ONCE REPLICATED, THE 
Two NEW CHROMOSOMES 
WAVE To BE DISENTANGLED 
SO THAT CELL DIVISION 
CAN OCCUR. 


The PICTURE WE 
WAVE OF DNA 
REPLICATION IS STILL 
SKETCHY, FOR EXAMPLE, 
UNWINDING THE TWO 
STRANDS OF THE 
VOUBLE HELIX 
INVOLV ROTATIONS 
AT SPEEDS OVER 
$000 REM. 

How THIS HAPPENS 
\o STILL NOT 


WELL 
UNDERSTOOD. 


WHATEVER THE DETAILS, 
THE PRINCIPLE OF 
COMPLEMENTARITY IS 
THE KEY To REPLICATION. 
AS WELL AS To THE 
GENE'S SECOND MAIN 


FUNCTION: : 
128 









The FROLECULE 4, MESSAGE 


NZymeES AND 
OTHER PROTEINS 
COME |) MANY 







UNFOLD APY PROTEIP,. 
pYD You'uL FIND 175 
SIMPLY A CHAIN OF 

AMIpoO ACIDS. 





CACTUALLY, MANY PROTEINS NEEp 
LET GO OF Tue ENDS, HELP FROM ANOTHER "CHAPERONE" 
AND TRE PROTA PROTED To FoLO UR.) | 


¥ 





IN VIEW OF THE RELATIONS? BETWEEN GENES AND PROTEINS, 
THIS SUGGESTS THAT THE SEQUENCE OF DNA MUST 
eeaeye PARALLEL OR REFLECT THE SEQUENCE OF THE 

Oo i 





§ ARG GLN 
VAL ER 
--@-0- @-©-0-0- ©-@-@-@-0-o-~ 
e | e @ 
@ G ’ ‘ 
g f® 
© © 






Ps base pairs may be 
AS thought of as a sexes 
"of “words” specifying 
the order of amino 
acids in cach protein. 
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The sequence of 


To MAKE THE 
TRANSLATION con 
DNA “WORDS” To 
AMIpo AciDS, SOME 


SORMSTICATED 
MOLECULAR mAcuipeey 
CoM INTo PLAY 








SO N - Re 
Ap Dy A "MESSENKR MOLECULE gz 
S COPIED FROM Db A. eg 
(Lo iJ Ay TTC eh RL 
ZI CORO UCAR CAGE VU AAGUGCA 
ig Ay 
: FAMILY LK 
_ Suu CPR é, 
<5 “RNGANDE as. 
WH be cube A LARGE BODY UAMCK 
“MEAAGE " Ae 
To AMIVO oh KOLDS THe If 


RAE PID HELPS FORM 


ACIDS. 
aa Tho eNO Klos 













ea 


*) bse Ace certs 
R-W-A-A-AA-aA¥. \ 
ae COD B4 
THAT 
NUCLEIC ACID: aay 
Mes " 
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Be 
RN nl — RIBONUCLEIC ACID — RESEMBLES Ree 
DNA: A SUGAR-PAOSPAATE BACK BORE re 


- 





WITH A SERIES OF BASES ATTACHED. -a-G 
THE 2 Bb 
JA 
DIFFERENCES: i 
i175 SUGAR 15 RIBOSE, mad 1 
RATHER THAN DECKYRIBOSE, ys 
RWA 15 USUALLY © & 
SINGLE “STRANDED Ae 
AND IT'S MUCK ORORTER— A q 3 
ee (000 Borate ae 
COMPARED WITH = 
MILLION OR MORE Ip UNAS © : aS 
és 
(oe 
AND FINALIY, WHILE THe BASES A, C, ASD G — d 
RWA WAS IN 6) PD 


E THE Same AS Iv UNA, ; 
Bhar caLUaD uRAcie ('y’) 


PLACE OF T ANOTHER BASE a 


MN . Or 
yh 
ES 


‘o IQ 2 
o> & ©)~< (NY % 
. Je tie Sar 
: Uracic H 


e? 
os 
@ 
RO 















© 
Mes: 





WHICH, LIKE THYMIME, |S COMPLEMENTARY 


to ADENINE: 
A 
\ 
—*- Oy, 
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PROTEC SUNTHESIS BEOINS WHEN A REGION OF DONA 
5 TEASED APART AND A MOLECULE OF RPA Is 
BUILT ALONO WWE STRAND BY AN ENZYME CALLED 
AVA POLYMERASE. THIS PROCESS {5 CALLED 
TRANSCRIPTION. Y/ 












IT HAPPENS AS |p 
DNA REPLICATION: EACH 
Cat ae ae Rpa IS 

MARY To THE 
CoRRESPOLDWWE deel 
OW THE DNA. 



















Pama, | 
Cay 
P 4d THIS RNA 15 CALLED Tue 
aang MESSENGER, OR mRNA. 
o OG BECAUSE IT CARRIES THE 
GENETIC MESSAGE FROM Tuc 
4 DNA To THE PROTEP FACTORY. 









THE "WORDS" 
OF THE 
MESSAGE 
ARE 7AIPLETS 
OF BASES — 
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ae 3-BASE CoVop 
STANDS FOR A SipGle 
AMINO ACID, AND THE 
WHOLE mRNA STRAND 
ENcopEs A PROTEIN 
(OR SEVERAL PROTEYS)- 
iTS Just Like A 
MES>AGE IN CODE — 


SHE GENETIC oper 


RACKING THIS Cope BE&AY IP 
1961, WHEN MARSHALL 
NIRENBERE WAS ABLE TO MAKE 
face at tec) eo OLY 
CIL, REPEAT 
AND OUER= “Pouy ym ae 





eS Oe 
YU UO OGG yuUwY 


FROM \T HG OBTAINED P PROTEW 
COUISTING EXTIRAY OF THE AMMO 














ACID FHENVLALAN/NE . 
SOA UUU WAS THE CODO FOR PHEANLALANINE... 
ee hs ion YUV —> Phe 
OLY-A, A AA —— lL 
COLY-C, AND inal ts 
YOLY -VG, Foly-veV, THE COMPLETE 
EXC, ETC, ETC, YOU CODE TABLE 
Uti THe cove 6uUU 
LL 
BROKE yo — 


SECOND LETTER 


Fipsy LETTER 


Wee cove \S REDUNDANT: WiTh 64 

POSSIBLE CODODS, BUT ONLY 20 AMIPO 
ACIDS, THERE MUST BE "SYNONYMS," 
DIFFERENT COD0PS WHICH ENCODE The SAME 
AMINO ACID. 









Come, 
SALIENT 


HERE PRE “STOP” SIOWALS. THREE CODDNS 
A\ Do POT ERCODE AWY AMINO ACID AT ALL. 
THESE SERVE To TERMWATE MEAGES. 


FOLLOW EACH OTHER WITHOUT GAPS OK OVERL AES . 
WE'LL SEE SHORTLY HOW [T KYOWS WHERE TO START... 


NDUoBEd ae Bune 










LSOs THE CODE 'S NOW-OVERL AFP ING. The “WorDs’ 


ADLLI7 JAIL 


tRVA. OWING To 
PAIR AMOpO ITS 
BASES, tRWAS 


WET TEMseLve 
INTO This Key SHORE. > 





THe LOOP 
evo OF ¢RWA 

AS THREE 
NPRIRED BASE. 
THS “ANTICODON 
(MAY BID 


WITH THE 
CONPLEMED TARY 
CODON OF 


mRVA. 
AT Le. “TAIL 


F 
CeUn is 8 
Site FOR 
ATTACH|NO 
k SINGLE 
AMILO ACID. 





Aginto Actp 
<" SITE. 
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OR EACH ANTICODON, ae 

Bu Recoonoes ee | IE 
ANT ATTACHES THE INECY, 

NPROPRIATE AMINO ACID | THE 


TO ITS ERKA. + pans 
BIPDS 


jo Te 
COMPLEMENTAR 
COpon 

OF 

MESSAGE. 





SCHEMATICALLY, THIS 
\S THE WAY A 
STRING OF BASES 
IS TRANSLATED 


INTo A SEQUENCE OF 
AMINO acioe 


MOWEVER, 


| 
EQUIPMENT To MAKE 
IT WORK: ThE 
RIBOSOME. 
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HOW 


THe ANAL IWEREDIENT IW THE PROTEN- 
MAinh APPARATUS |S AN OBJECT 
THAT HOLVS EVERYTHING Ip PLACE, 

















Ts 1S THE 
FIBOSOME , h 
DOVELE BALL OF 
ABOUT 5O PROTEINS 
WRAPPED UP with 












y 


> 
MWA 


=~ 







a 






















NA. THIS Ki 
RNA 1S CALLA SEZ 
RIBOSOMAL RNA, Se BEN 
TENA POR SHORT Sey 


\ 
k A = 
io =) 
~~ 

b 


A ds 
7 ARK 






THE RIBOSomE HAS TWO 
SLOTS W WHICH MOLECULES 
OF tRNA CAN FIT SNUGLY. 
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Now TO MAKE A PRoTE|p: 
WHEN THE mRNA READS 
OUT THe DRA SEQUERKE, 
IT ENTERS A SEA 

OF RIBOSOMES. 

















THE BINDING SITE IS 
LOCATED AT OR NEAR THE 
CODON A-U-G. 


OVE HALF AT A TIME, A RIBO- 
SOME BINDS OWTO THE mRNA, 

















%s “UGS 
ae 


\ 
iA ng 
Zt 
——— 
2 


Te a Sentient ae 





AUG OND THE NEXT 
CODON EACH BOND WITH 
COMPLEMENTARY tRNA 's, 
WHICU FIT INTO THE SLOTS 


THUS, AUG 1S ALWAYS THE 
FIRST "WORD" OF EVERY MESSAGE. 
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AN ENZYME IN THE RIGOSoME 

UINKS THE TWO AMINO ACIDS, 

pea FIRST €RVA FLOATS 
WAY. 





EACH tRNA CARRIES AN AMO 
ACID (AA), THE FIRST Ove 
ALWAYS BEING METHIONIAJE, 
WHICH G0ES WITH A-U-G. 














THE RIBOSOME THEN MOVES 


ANOTHER ERNA AND AMINO 
VOWN THREE MORE BASES. 


ACID BIND ON. 










THE AMINO ACIDS 
ARE LINKED; THE 
“EMPTY” tRNA IS 
DISCARDED; AND 50 
THE RIBOSOME MOVES 
ALOWO THE MESSAGE, 
PILING UP AMO ACIDS, 
WHICK FOLD THEMSELWES 
INTo A PROTEIN. 
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THIS PROCESS COPTINVES \T STOPS BECAUSE THERE [5 
UNTIL THE RIBOSOME REACHES NO tRNA WITH AY ANTICODOR 
ONE OF THE “STOR” SIONALS. 








THE COMPLETED PROTEIN IS CLIPPED OFF BY ANOTHER 
RIBOSOMAL ENZYME. 


_ 









IT IS ALSO ComMop 
AT THIS YopT for THE 
PROTEIN TO BE TIDIED 
UP IN VARIOUS WAYS. 


FINALLY, THE RIBOSOME, ..AND THE NEW 
MESSAGE, AND tRNA MACROMOLECULE GOES 
VDISSOCIATE... OFF ToVO ITS JO8: 
OR WHATEVER... 
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IN THE LIVING CELL, ALL THESE PROCESSES ARE GOING ON 
TOGETHER. THIS 15 How IT LOOKS IM E.COLS. 


IN BACTERIA GENERALLY, 
PROTEIN- BUILDING BEGINS 
WHILE THE RNA IS 
STILL BEING TRANSCRIBED 
FROM THE GONE. 











° . OF 
s= = 
1 ~~ Cy, 








“ Wey _ ~ 


)\ 

THE MESSAGE (5 READ By SEVERAL rae | 

RIBOSOMES AT ONCE. NOTE HOW \ \ 

THE PROTE® FOLDS INTO 11S FINAL rs ) 
AE 


FORM AS IT IS BEING ASSEMBLED. 


a , 
Yo ic “a 
} rg 
Ay ea 

é of 


SS 


AWD Now YOU UNDERSTAYD 
kow GENES WORK — 
INE. COLI 4 
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FoR A MOMENT 
HOW MUCH WE VE 
ALREADY FOUND 


ENCODED Ib THE 
CHROMOSOME. 





g THERE PRE Sequences 


LO: 
GOOD ep Every 
OS Teansree Rw A MOLEQLE.. 








oS 
\ 
e | 


Zs V7 : Aa 
Ww 
: mR ’ WHICH PRE 
TRANSLATED INTO 
pp Rein 


.. AUD SEQUELCE 
FOR RIBOSOMAL 
RUA, WHice 
FATS DIRECTLY 


INTO THE 
STRUCTURE OF 
THE RIBOSOME . 















TRULY, Tue DNA Is 
Te BLUEVRIKT OF 
ALL THE CELL'S 

ESATIAL PARTS. 






BLUEPRINT’ 
WHo's THE 
PROTECT ? 
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WE BEGAY BY ASKIMo ApouT 
GORILLAS AND BAVANAS, pyp 
ENDED UP INSIDE SOME INSIb- 
etn a fae 
N Wwe SA BOU 
OTHER LIFE eons thy PROUT 





FIRST, 20ME MoRE JARGON: THE CELLS OF PLANTS, ANIMALS, 
AND OTHeg ADVANCED CREATURES —IN FACT, ANY CELL WITH A 
NUCLEUS — IS CALLED A EUCARPOTE (“You-cprey-onT’), 
MEANING “Goop NUCLEUS” IN GREEK. 











EUCARYOTES CONTA ALL 
SORTS OF BODIG, BUT 
THE KEY 1S THe NUCLEUS, 
WHICH CONTAINS THE 
CHRO M050 MES. 


She 


THe IDEA I9 

THAT PROCARYOTES 

ao Wie RUE 
0 

Prone COMPACT 

CUCRRYOT 













THE TIKY BACTERIA, WITH THEIR SIMPLER 
STRUCTURE, ARE CALLED PROCARYOTES 
("PRO- CARRY-OPTS”), MEANING * BEFORE 
NUCLEUS" IN GREEK. 
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EUCARYOTES APD PROCARYOTES 
OWARE THE SAME BASIC GOMETIC 
EQUIPMENT - 


">> IN ALL LIpE, THE GENETIC 
CODE IS THE SAME = 


FACT WHICK | 
SreouOLY 7 sed Lets HAVE 
TWAT we AL a 
Come FRoM A KEUM IOP , 
CoMMOP AYCEBTOR. SOMETIME - 





cA THRE ARE Blb DIFFERENCES BETWEE PRO 

























Bi HOW CAP \TS A BIT 
To BebIP You MAKE LIKE KISSING 
HAVE ALL The 

RIBOSOMES 


OUTSIDE THE 

NUCLEUS, SEPARATED She 
FROM THE COLES 
BY A MEMBEAQE. 
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OY 
= 
4 


INDE How DO ; 
EvCRRYoTES MAKE PROTANS: 

THE ADSWER 15 THAT P 
THE NUCLEAR MEMBRAWE 
HAS PORES. THESE ARE 


RWA AND VARIOUS 
EXZYMES, Like RUA FoLY- 
MERASE, TO PAX THROUGH 
BUT RIBOSOMES ARE 
T00 BIG To FIT. 











“AWD VIEW 
is E 





Ze B 
ales a 


WITHIN THE NUCLEUS, mRNA IS MADE AS IN BACTERIA — BOT 
THER COME CeRTAIY MODIFICATIONS... 


AT THE “START END 
15 USUALLY ADDED 
A MOD\FIED, UPSIDE - 
DOWN GUAMNE 
“CAF.” 

AT THe OTHER 

END CO A 













NUCLEDTIOM: 
MAKING A FoLy-A 
TAIL VP? To 


THE FUNCTION OF THESE AXP OTHER 
ADJUSTMENTS To EUCARYOTIC mRVA 1S 
UNKNOWN, 
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THE NEXT MOVE CAME AS A GREAT SURPRISE To GENETIC(STS: 
A COMPLEX OF PROTEIN AND RNA GRABS THE mRNA, FORMING 
LoOPS, LIKE THIS — 









THE Comecex —Cactep A SPLICEOSOME— 
THEN SHEARS OFF THE LOOP DIGCARDS IT, SPLICES THe 
REMAINING PIECES TOGETHER, AND DEPARTS. 





THIS 15 BIZARRE! EucARYoric GeNes contAN SUNK DNA — 
NOW- COPING MESSAGE SEQUENCES THAT UAVE To BE CUT OUT 
BEFORE THE GENE CAN BE ExPREesseD'!! 







To KEEP 
SPLICEOSOMES 
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\1'5 MOST MYSTERIOUS! 27 
RIGHT IW THE MIDDLE Menge KLE 


OF & PERFECTLY GOOD oo tT 
GENE, THERE MAY Be J CE 
SEIERML, Mf MEANINGLESS EPDS 
ee | , EACH 


HUNDREDS OF 
NUCLEOTIDES LOpG- THest 
ARE CALLED 


RAH 















S. ; WHAT THOvee 
INTRON é “yur Dino THER 
aennnnnper iit 15 AN BODY > 
t 
“JU 
Seas 


FOR Some REASON, EVUCARYOTE SEE 
FIT To LEAVE INTRONS IW THE 

CUROMOZOME , ONLY REMOVING THEM 
FROM mRNA AFTER TRANSCRIPTION . 





THE INTRONS ARE SomeKOWw 
RECOGNIZED BY THE SPLICE0SOMES 
(GUNDLE oF PROTEIN AND RMA 
RESEMBLING A RIBOSOME ), 
WHICH GRAB THEIR EMps Aup 
SNIP THEM OUT BEFOKE 

PROTEIN SYNTHEIS. 


CS NoTe THAT Tue REMOVAL MUST 

ae PLR Be PERFECT EVERY TIME. A 

Se SIMET oF NST Oe BASE 
WOULD THROW Of | 


ae 
Ses we) “DOWNSTREAM RUINING 


4h TRE PROTEIN. MOST MYSTERIOUS... 
<5 














0 FPR, 
PLL THIS 
ACTIOP IS 
STILL TAKING 
PLACE SIDE 
THE NUCLEUS | 
BUT NOW THe 


TAILED YD 
TRIMMED, 15 
READY 0 

60... 


eS 
eR 
\s 


\ 
5 


<S 
4 v= 





AS IT PASSE THROUGH The puCcleAR 
MEMBRAME, THE RIBOSOMES BEbIN 
"READING OUT” THE PROTAP, MucH ThE 
SAME AS IN PROCARYOTES. 






°\ BX =A 
Ze) 


Ie 








































YL pyc gl 

ae THE ae ZZ py 

ROTG) OOF OFFFLZ72 LEZ, 
To DO ITS JoB; F&F yy LIE 
THE mRNA 15 ZA, oS LY, Z , 
BRoKEY DOWP ee o2 

IPTo “SCRAP; 

AUD THE PARTS 

RETURN To 

THE NUCLEUS 

FOR RECYCLING, 

TOCETIER WITH 

The ENZYM& 


THAT DO THe 08 - 


a 
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Q 
pee 100,000 CEP... 


ANOTIE Re Cee 
TwEEp EV 
A tary 4 IS IW We whe 
NUMEER OF GENES: 200,000 
jp A HUMAW, 4000 |p E. COLS 


To HELP ORVAINZE 
ee 
K D A. 
roe ae a a “ AROUpD 
ool’ — 
CORE. To Pe a OSome 
CONSISTS OF SEVERAL 


EACH Core WAS fp S 
GROOVE FoR TH é'p +r 
WHICH MAKES TWO 

TURNS RROURD IT. 


oe 


os 
te on eZ 
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WHEN A EUCARYoTIC CELL WANTS To DIVIDE, DNA REPLICATION 
BEGINS AT MANY SITES AT ONCE (UNLIKE lp E.COLs, WHERE 
IT BEGINS AT ONE SITE). 







WHILE REPLICATION 16 
STILL | PROGRESS, 
THE TWO WEW STRALDS pre 
ALREADY WINDING ONTO NUCLEOSOME 
CORES. ONE STRAYD INHERITS THe 
OLD CORES, AMD THE OTHER GETS A 
Naw SET. 












BEORE CELL DWISION, 9 fy D455 BN “ 

THe CHROMOSOMES Wy LOA A AS 
suas MO mae. AS 
9 VE e- wi Cp CE 

SOME WAY OF es : mr: bY TE. A 


YACKING T 


KE 
NUCLEDSOMES, BUT AG , 


LD J 
ite ARRAYGEMERT U3 oF fe = ‘o» 
1 fy 1 e= 


D PROCES 
Z BS oe 
PROBLEMS. S\N ui Ne?) 
(AW i CG 


STILL eee @ 
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TERR econ 


OF BUCRRYOTIC CONES : THEY 
WARBOR LOTS OF 90-CALLED 
REPETITIVE DN A... THESE ARE 
oe CES OF NUCLEOTIDES Wich 
REPEAT THEMSELVES MANY TIMES. 





ane F Sequence or SOME 
we 300 BASE PAIRS 
perenne WHICH APPEARS NEARLY 
Fa A MILLION TIMES. 


s rd 
SLs 


WS 16 A SUBSTAPTIAL 
CHUNK OF OUR ToTRL ! 
WAAT CAN IT 

MeAp 22 // 










Ry. OOLDDORY 





WICRRNOTIC COG: 
THAY URZBOR LoTs 
OF SO-CALLED 
REPETITWE DNA. 













THIS 15 A 
SUR TADTIML CAUME 


oF OUR ToTAL! 


' 
ry 


SAS 








A foSSIBLE ANSWER 1S THAT 
THESE SEQUEROE COPSIST 
OF “SELFISH DN A,’ 


WKICA CONTRIBUTE NOTHING 
TO THE ORCALISM. ENCoDipb 
NO ERZYMER , IT MAY BE 
NST “HITCHING A RIDE" 
OM OUR CHROMOSOME |! 





































A Tied THEse ARE 
PECULIARITY OF S oF 
EUCARYOTIC GENES: | PUCLEPTIDES ok! 
THA HARBOR Lots wun Repeat 0K. OK: 
OF 50-CAUED THEMSELVES T CET Wwe 
REETI TIVE DPA-/ MAPY TiMES.. 






IDEA / 


WHERE MIGHT THESE 
GENETIC HITCH AIKERS 
Come FROM 2 








WRUSE ARE THE SIMPLEST 
LIVING THINGS KNOWN — 

\€ THEY'RE TRULY ALIVE AT 
ALL... THEY'RE SORT OF 
ALIVE YD NOT ALIVE... 


ONE POSSIBILITY 15 
HAT THEY Come FROM 














evep SIMPLER APD SMALLER 
THAN A BACTERIUM, A 
VIRUS Wh ONLY TWO PARTS ° 
A BIT oF NUCLE/C ACID 
WRAPPED UP IY A PROTEIN 
COAT : 


a) Fs 
ie 
2 ae UA 
CH Te NuAL 
Dp Sg 
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BUT A VIRUS 






CAN'T REPRODUCE 

OW ITS OWN, 

BECAUSE IT LACKS 

RIBOSOMES AND 

THE REST OF ; YIRYSES 

A LIVING Sa ewe a »> 
PROTGN- MAKIN 1 
EQUIPMENT. er ONT (( 

A VIRUS CAY VIRAL DWA g J) 


OWLY “Live” AS A 
PARASITE, BY | _ a 
INVADING A ire 
DD TAR ub 
| 

IT> Rigo Mee 
ENZYMES, PND 
ENERGY, ; 


OMG IT GETS \TS DNA OR RVA INTo THE HOST, THE 
VIRUS BEGINS TD REPRODUCE WILDLY, STRAINING THE 
Cer TO THE BURSTpo POT ! 


e 
AP 
ids 3 eo a 2 
oy © a 
é = 
( ad Bf Py t 
Phe. 4 a 
7 @ “» ? Py 
F x PT e ef 
= rd 
4 ro po G 
. “gt LG 
Mee dg 
AG 7) (ae. Le 


rd 
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THAT'S A TYPICAL LIFE-STYLE (OR NOV-LIFE-STYLE) FoR A 
VIRUS, BUT SOME VIRUSES ARE EVEN SNEAKIER: THEY 
ACTUALLY INSERT THEIR GENES [NTO THE HOST CELLS DNA. 


eee oS 


RNA VIRUS ENCODING 
AN ENZUME THAT 
MAKES A DNA Cory 
OF ITS KNA AND 
SPLICES IT INTO The 
HOST CHROMOSOME. 








OF, 
VOUR OWN CHROMOSOMES 
MAY BE DIRECTING 
THE PRODUCTION of 
MORE VIRUSES Ill THE 


AIDS virus works 
TMS WAY. 
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\T5 POSSIBLE TAAT SOME 
OF THE REPETI TW 





SUBVERSIWE 
ELEMEp Ts! 










H 
THIS SOURCE: ANCIEPT 
VIRUSES THAT MANAGED 
TO INSERT 


THAR HEREDITARY 
BLUEPRINT |NTO OUR 
AYCESTORS DNA. 














IF SO, THE 
“EDITING” OF 
mRVA MAY HAVE 
EVOLVED AS A 
DEFENSE 

ie 
\WAPPROPRIATE 
SEQUENCES STUCK 
\W10 The MIDDLE 
OF GENES. 
















THES ANOTHER 
WAY A CAL 
CM) COPTAYD WITH 
PARASTIC DNA. 
si ae 
GENES Dow. 
TWA WE 








\TS CALLED 
“REPRESSIVE | 
TOLERAVCE.” 





















Tie BATHE 
ae AGAINST 
THEYRE THERE, a 
BUT WE AR 

ENDING... 





IONORE Tem! 
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Vithation ¢DopinArce 


( aaa in!) 


OW THAT 

WE KWOW 
WHAT GENES 
REALLY ARE, 


WE CAN GET A 

MUTATION AWD 

DOMINANCE. A 
eR G/ c 

A CAnVlee bone C we 
DNAS SE 

se wucleotipes,  <( —~&-_A 

AEN A MISTAKE 2 

AT JUST ONE 


POSITION (bw 


. IN 
UME & PROFOUND a A G 
EFFECT. 2 G 
E16 A SMALL 
a DEVBSTATING SN 


MUTATIOR IN THE 
GENE FOR HEMOGLOBIN, 
"we PROTEIN WICH 
CHRRIES OXYGEN 

ly THe BLOOP. 


Goop GCre MUTANT GEPE 
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me REASOV , OF COURSE, 12 

HAT THE C HAWOE IS REFLECTED 

IY THe PROTEIN WHICH THE 
GCEVE EVCODES... FIRST THE mRNA 
PROT OvT” WRONG, AND THEN THE 


SOY PD Y LD Cy 
ON” | A 6G 
A Ae Cc 3 A eA ar 
GN ro 


THIS ESPECIALLY DGASTROUS MUTATIOP, WHICH INTERRUPTS 
THE PROTEIN IN THE MIDDLE, CAUSES A SERIOUS CONDITION 
CALLED THALASSEMIA, AN INABILITY To MAKE HEMOOLOBW. 
THE VICTIM SUFFERS FROM A PAINFUL LACK OF OXYGEN. 


SOMETIMES A CHANGE MAY Make NO DIFFERENCE AT ALL. IF 
You REFER BACK To THE CODE TABLE, YOULL RECALL THAT 

1T5 SOMEWHAT REDUNDANT — MEANID6 THAT ONE AMINO 
ACID MAY Be ENCODED BY SEVERAL DIFFERENT CODONS. 










THIS 15 A 
KIND OF DEFENSE 
RONDST MUTATIONS? 
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OCCASIONALLY, THe “MIsTAKay" AMipo ACID My FIT IN FAIRLY 


WELL (THOUGH USUALLY L&% THAW PERFTLY ). 
ovD...1 Sem 
To HAVE Losr 
Some BITE... 






Comerimes —ONCE |p & BLUE MeON— THe FROTEM 
INDY A) WORK BETTER THAp PEFORE. 


BUT MOST 

OF THE TIME, 

vee 
! 
TAP. 


Dover 
IT, TRY Meinl 
RANpom CHAN A 
[k§ SOME b 
hOUSCKOLD 
RPFLIANCE! LAA 


BARE. (p. 8!) 


We NOTED THAT MOST 
MUTATIONS ARE 
errr Now we 
NS 
A MUTATION USUALLY 
Chuses Ap INABILITY 
To MAKe Y BZYME.- 
IY THE EXAMPLE ECVE, 
TRE MUTAMT GENE 
FAIL) To MAKE 
HEMOGLOBIN. 


Wu 
HOWWER, W 
IT Mave Two SETS 
OF CAROMOSOMA. 
os IF A MUTATION GOOD GE 
1S ONE OF THEM, 
THE “WURPNCEY Geb V/ 
Pie ees Me He MOGLobip No HEMOEéLOBIP 


BAD CEpeE 












ONLY THE PLUCKY 
(NSUILALCE LAPSES, 
DOSE OF MUTANT TMNT WER You'D’ 
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WE DID'T MENTION IT 
EARLIER, BUT SOME ALLELES 
CAN BE 


(Cor 
DOONAN, 


MEAVING THAT A 
NETEROOYUOTE MAKES 
HK 


Both PueroTyres. 
bY AMPLE 15 BLOOD 
GROUPS. | 


ae) 
SESS 
VAESSSN 

Rc) nT 


Cae 
F Ky < 
A Foon 






AE | 
= ; “ 
| 7 ik " f 
\€ HOMOLY60U5 for 
T® You HAVE TYPE B 
BLOOD. 
(= = 









THERE 15 A GERETICALLY 
DETERMRED SEQUENCE 
OF SUGARS LYIKb OB The 
SURFACE OF FED BLOOD 
CALS. OVE ALLELE, Ih 
MK SeQuatE A. 
ANOTHER PiLtLe, IF 
MAKES SeQURCE 8B. 


@ ©, 


" A HETERO- 
ZYOOTE MAKES 
BOTA SEQUENCE, 
ppd HAS TYPE AB 
BLOOD. 


AWD FINALLY, TRE 
ep 


ENCE. 
TYPE QO BLOOD ls 
RECESSIVE . 
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A KED BLOOD CELL BEGWS 
ITS EXISTENCE AS A BOVE 





ae A PERFECTLY 
DELICIOWS EVCARYOTE 
ToPIc—- BUT 
LACKING IN 
HEMOGLOBIN. 


AT SOME FOIRT, 
Ah MARROW CALL 
BLooD CéLLS ILLUSTRATE BAP? To 
ANOTHER Common CAAPE... 
FACT OF LIFE: AMOpe 
ONE KIND OF OTR 
CELL CAN TURN Tepe, IT 
IMTo ANOTHER a BEolb> To 





EMERGES AS A 


THE POUT 1G TKS * Tue 
HEMOGLOBIP EVE 
WPS THERE ALL TAE. 
TIME, BUT IT WASH T 
e PLWAYS EXPRESSED — 
WHice BRINGS US To 
OUR NEAT SuBSECT... 
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CESS [PAPER 


KUM na DIMER 
APs 


ee | 
Cie Ss 


LL THE HIGHER LIFE 
FORMS EXHIBIT AN 
\MPRESSIVE COLLECTIOP OF 
CELL TYPES: NERVE, 
BLOOD, MUSCLE, SKIN, EYE, 
LYMPH, ETC ETC ETC... 












ns USUAL, THERE PRE EXCEPTIONS |! 
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CLEARLY DIffEREYT 
CEP COME 

\Wro PLAY 

iy DIFFERENT 
CELLS... $0 


Ep... 
EACH CELL MusT 
HAVE WAYS — 
ting 
TO “TURP on" 


ALD WHEY 
O 00 IT... 












OTHERWISE, 
ONE DREADS 
The RESULTS! 








EVEN THE LOWLY BACTERIUM NEEDS To REGULATE ITS GEES. 


WHEY FOOD 15 AVAILABLE, IT NEEDS To MAKE EVzyMES To 
DIGEST IT; 


WHEY IT RUNS Low OW Ay AMINO ACID, IT KAS 
Jo SUN THESIZE MORE; ETC ETC ETC... 


AS USUAL, 
THE (UESTIOV 
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THe FIRST To Fipp A 
FORM OF GENE REGULATIOR 
MONOP AND AC PUES 
FRANCIS JACOB, 

IN THE LATE \9505. 

THEY EXAMINED 

B. COLI’s PBILITY 

To DIGEST THE 

SUGAR LACTOSE. 















Iv ThE 



































OF LACTOSE, | 
E. COLI GA, MERE, LiL 
LEE IEP LAC i 

PRopUKS ig T0S€' 
Me NC. AGP 
\ moe x (GA we Nes 

; Rey 2 ies 
Z ES THE = a 
COLL WALL \# Lg 











fo LACTOSE, \M 
Ayo Breas \ 
THe SUGAR 


















WITHOUT GOW INTO 
THE DETAILS OF 
THAR EXPER|MENTS, 
WHICH WERE QUITE 
INVOLVED, HERE ARE 
SOME OF MONOD AWD 
JACOBS MAW 
RESULTS : 







THS EXRRIMAT 
WAS MORE 

DIFFICULT Tadp 
A CHEESE 
Soug¢ce ! 



















FIRST, THEY FOUND THAT THE GeyEs FoR 
Y 8M Z, CALLED “lac Y" AWD “lac Z'" 
LAY TOGETHER, SIDE BY. SIDE, OP THE 
CHROMOSOME. SUCH A CLUSTER oF GAYE, 
ENCOD IN RELATED ENZYME pup 
REGULATED TOGETHER, 1S CALLED pW 


OPERON : 


THiS 19 THe “lac OPEROY ’: 








AT THE STPRT OF TKS 
(AYD AeRY) OPEROP |5 A 
PROMOTER REGION, HEE 
CALLED lac P. TS 15 

THE SITE WHEKE THE ENZYME 
RNA POLYMERASE BINDS 
ONTO THE DNA To BIN 
TRAPSCRIBIDl THE MESSAGE 
INTO mRNA. (SEE p 133.) 
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The 
Finast 

TYPE OF REGULATION 
S SIMPLE : 


| 
SOME PROMOTER 
REGIONS ARE 


MORE ATTRACTIVE , 
TO RNA folymeRASE Q 


THAN OTHERS. s 6Le i 
en ey 


THE G&NE FOR A 
MUCH-USED ENZYME 
WAS A PROMOTER 
WHERE FOLYMERASE 
MAY EASILY BEoI 
TRANERIPTION, 
WHILE A Give 
ENCODING AN EY ZYME 


pe IW SMALL 

MOUNTS WILL HAVE 
\ MORE “DIFFICULT “ 
PROMOTER REGION. 















Warr ABOUT 
THE LACTOSE 

OPEROD, WHOSE 

ENZYMES al 
METIMES NECDED 

IP QUANTITY 

(WHE LACTOSE 

15 PRESAT ), 

BUT OTHERWISE 

WOT LeADED 

AT ALL 22 





Movop + JACOBS \pEA: 
THERE IS A PRoTaD, 


REPRESS, 


WHICH SITS ON THE DNA 
XT A SPoT BETWEEW 
THE PROMOTER APD 
TRE FIRST GENE , lac Z- 
THIS SFOT |S CALLED 


i CPERATOR 
ac O. 











THE REPRESSOR — PRR 
WHICH THE FRG (GE 
SCIENTISTS NEVER 
OBSERVED DIREGLY — 
SIMPLY BLOCKS Tue 
ACTION OF RA POLYMERASE 
AWD SO SHUTS DowD 

THE EXTIRE OPEROY. 






Ove pone THING ABouT THE REPRESSOR: IT CAN ALSO BIND 


CTOSE*— BUT Dowl $0 CAUSES Tue REPRESSOR To 
"FLEX’ AWD RELEASE THE DA: 


% ACTUALLY WoT LACTOSE ITSELF, BUT A DERIVATIVE SUBSTAMCE — BLT NEVER Mw // 
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DLONG Comes A LITTLE 
LACTOSE, ATTRACTING THE 
REPRESSOR : 


\) THE NORMAL STATE OF 
AFFAIRS, THE REPRESSOR SITS 
ON THE OPERATOR, REPRESS IW6 
THE GENE : 















\T FLEXES, ORASPING THE SUCAR, 


7 TIRE 
he TOK ROLIMERIEE Lite HE ENTIRE OFCROP 15 THEN) 
HWROUGH / 


EXPRESSED REPEATEDLY. 


















FINALLY WHED ALL THE LACTOSE 
1S GONE, THE REPRESSOR w- 
FLEXES AYO RETURNS To ITS 
SPOT Op THE CHROMOSOME. 


THE NEWLY MADE PROTEINS 
BRING I) MORE LACTOSE APD 
DIGEST IT... 
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REPRESSORS 

TURN OVT To BE 

A ComMMop why 

TO REGULATE 
"INDUCIBLE ENZYMES — 
LE., ENZYMES WHICH 
ARE MADE |W 
RESONSE To A 
CHEMICAL-LIKE 
LACTOSE ... 

BUT DESPITE THIS 
BRILLIANT IDEA, 
MONOD AND JACOB 
COULD NweER 
ACTUALLY FIND A 













THESE 

REPRESSORS ARE 

MORE ELUSIVE TRAN 
5 FeC 


VERFECT 
SAUCE BEARNAISE... 





A 
EORETICNL VOSSBILITY... 









“UNTIL 1467, WHEY WALTER GILBERT APD &. MOLLER-HILL, USING 
VERY Rete TEHWIQUES, WERE RBLE To ISOLATE THE ELUSIVE 


THGR RESULTS MADE 
PLAIN WHY IT 

HAD BAR So HKED 
TO AND Them: 

A SINGLE E Coll 
BACTERIUM HAS 
OMLY FIVE To 
TEN MOLECULE 












E eoul luxt 
PRoOVCED IT 
IN MucA LERC 
AMOUNTS... 










NOTHER MeTHOp OF 
Pe UL ATION 0&5 oh Ae NAME OF: 


PND ITS HiS GoveRNS AY E. COL/ 
GICCESOOF: dl eee RESPOWSIBLE FoR 
CONSTRUCTIPl THE AMINO 


ACID HISTIDINE. 
















H&S E. COL/ 
RUNS Low OP 


“wtemane 3 
of eee an. 
THIS ESSEBTIAL LOEKS 5. 


STUFF. THE : MOS LE 
BACTERIUM PRODUCES a ES 5 
A GRove OF ) 
= PROTEWS, a ane, 

WHICH Cry 
BUILD KSTDIPE 
MOLECULES 
FROM SCRATCH. 

















a 
ENZYMATIC 
NSEEMELY 


AS BEFORE, ALL 9 ENZYMES HAVE THAR Geyes CLUSTERED 
IWTo AN OPERoP, WITH Ap INITIAL PROMOTER REGIOV. 
UNLIKE THE LAC OPERON, 


) 3 See 
TWiS ONE HAS NO PLACE (OPCS : 
FoR Ph KEPRESOR. go 
; Ce 1° § 
. <> , : INSTEAD, THERE 1S A 
ODER SBS 20000 "LEADER SEQUENCE “ 
{ = 


} . ENQODING A PEPTIDE 
. Z RICH IS HISTIDINE — 
: Z THE VERY STUFF WE'RE 

" Oo TRYING To MANUFACTuRe. 





RNA FoLYMERASE BEGINS BY 
TRAVSCRIBING THE LEADER 
SEQUEN CE ... 






THE LEADER SEQUENCE EN CODES 
7 HISTIDINES If A ROW 





\F HISTIDINE |S PLENTIFUL , THE 
KIBOSOME ZIPS ALONG, AND 
A LooP FORMS IN THE “RNA. 


TUS LooP BUMPS THE 
RNA POLYMERASE OFF THE 
OPERON, HALTING TRANSCRIPTION, 





IF, ON THE OTHER HAND, HISTipipe | |'S THIS CASE, a DIFFERENT 

I7 IN SHORT SUPPLY, THE LOOP FORMS, WHICH, BY PREVENTING 
KIBOSOME FALLS BEWIND THE THE FIRST Loop, ENABLES THE 
POLY MERASE. POLYMERASE To GO ON, AND THE 


OFERON 15 EXPRESSED! 








THE NEWLY MADE PROTEINS 
60 TO WORK ASSEMBLING 
ASTIPWE. . 











A SHORTAGE oF 
HISTIDINE TURNS THE 
GENE ON, Write 

A RISTIDINE GLUT 
TURNS IT 


OFF. 
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BY Te PORTRAIT OF THE 
GEE, AS SKETCHED BY 
MENDEL AYD FILLED Ip 
BY LATER GENERATIONS, 
SG bmbie AY OBVECT 
FIXED PRD UNCHANGING, 
ASIDE FROM OCCASIODAL 
MUTATIONS. 
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MORE Reco DISCOVERIES SHOW A GENE 
MORE MOVABLE AUD PLASTIC... IN FACT, vine! 


ca *s ES oY. 


a 
en 











THERE 15 
AN ENZYME 
(OR ENLYME&S) 
WAIGA CAN 
CMS A 
YARTICULAR 





















HOW DOES THIS REGULATE 
A GENE? LETS LOOK 
AT THE HYPOTHETICAL COPE X. 
THE INVERTING EVZYME, 

WHICH WE MIGAT AS 
WELL THINK OF RS “FLIRPASE, 
IS ENCODED INTo A Reblop 
UPSTREAM FROM GONE X'S 
PROMOTER: 






we x- 
: meget’ \PROMOTER 


ce e oe , ay ae 
|< "FL IPPASE" GENE ES. 
















SOMEHOW, WHE) IT'S TIME To SHUT OFF GONE X, THE 
ELIPPASE GWE IS ACTIVATED, MAKING THE ENZYME. 


IT IWWERTS A SEOMEOT 
IWCLUDING ITS OW 
GENE AD GENE X'S 
PROMOTER. 


ITS PROMOTRR, 
GENE X WAS peey 
SILEVCED. THEN, 
| ai L 4 TIME 

O 
iT BACK Ove 


A BRINGING THE 
\ X- PROMOTER 
ix INTo PLACE. 













S vat MOVABLE 
SECTIONS oR 


TRANSPOSONS 


ARE ComMop IP Bord 
PROCARYOTES PYD 
CUCARYOTES. BESIDES 
WVERTING, THEY Ch of 
JUMP? FROM PLACE 

To PLACE, FROM c 
CHROMOSOME To 5 
CHROMOSOME. THE 7 
FULL FUNCTION OF 
TRANSPOSONS 15 “ 
STILL A mySTERY. ” 





THE MOST SPECTACULAR EXAMPLES OF JUMPING GOES ARE 
THE OVES EXCODIDO ANTIBODIES. 


ANTIBODIES ARE 
VROTANS WHICH 
SERVE AS TNE Bopy's 
DEFENSIVE WEATONS. 
THEY ATTACK 
BACTERIA, VIRUSES. 
AYO oO 


HARMFUL INVADERS. 
THERE ARE LITERALLY 
BILLIONS OF 

a ANTIBODIES 
CACA KEYED To 

THE aie 









RATHER THAD HAVING BILLIOMS OF GEV FOR APTIBODIES, 
THE CHROMOSOMES CARRY A “TOOL KIT” OF A Faw HuNpREp 
PARTIAL GENES. 








I) CERTALY 
CELLS, THESE 
BTS OF DNA 
ARE CUT UP 


kYD 
RERRRANGED, 
EACH 
RECOMPIVATION 
SPELLING OUT 
THE GEE 


A 
PARTICULAR 
ANTIBODY. 

















ts Cities 
w * &%te@a@: 





How THe ORGANISM REGULATES THS PROCESS IS STILL A RIDDLE, 
AS ARE MOST MATTERS OF BUCARYOTIC GENE REGULATION: THE 
QUESTION OF HEMOGLOBIN (7-16 ) FOR EXAMPLE REMAINS 


WITHOUT AN ANSWER. 


\TS CLEAR THAT 
THe FLEXIBLE GENES 
OF EUCARYOTES 
iLL Be AW ACTiVE 
CA OF RESEARCH 
IN YEARS To 
Come. 













DENETIC ENCiNerSnale 


LIVING CELLS ARE 
NOT THE ONLY OPES 
CAPABLE OF REARRANGING 
GENES |! Now SCIENTISTS 
TOO HAVE THE FOweR.-- 























A GREATER Power 
THAN BIOLOG|STS 
HAVE EVER KNOWN... 





(iv 
\ \ 


_ >= 0 | 

SAS REE 

f N — “ - : JV PV = 
BE >) 





For ONE THING, PEOPLE uM... 

CAN NOW SPLICE \LL ATTACH “GODS 
Two PIES OF DNA LITTLE ACRE” To 
IN THE TEST TUBE — VIVA VILLA... 
SusT LIKE SPLICING gi 

FILM... 





THE COMBINATIONS CAW Be PRETTY BIZARRE: MosT COMMONLY, 


HUMAN GENES ARE ATTACHED To THOSE OF A BACTERIUM, 
LIKE E COLY... 


Re 
WAAT ARE You — 


A MAW OR A 
MICROBE 2 





THIS 1S WHAT 
You CALL 


YOU'D CARE 
To EXVRESS 


OURSELF 


THE KEY \5 
THE GROUP OF 
ESSENTIAL ENZYMES 
EVE SEEN 
HOVERING AROUND 
THE CHROMOSOME, 
LIKE So MANY 
WORKER PRES 
MIMSTERING TO 
TRAR Que. 
THESE pp2ymes 
MEND, WIND, 


A IN 
cae ways | 


















GENE SPLICIPG DEFERDS 
OY A SPECIAL TYPE OF 
CUTTING ZYME 

CALLED A RESTRICTION 







ECO-R1 


ENDONUCLEASE, OR CUTS 
RESTRICTION ENZYME SuOAe. baount 
FOR SHORT. CAMB HERE 


OF BASES. 
THIS CREATES TWO TiEcEs 
OF DNA WITH IDEPTICAL 
T-T-A-A “TAILS.” (BECAUSE 
C-T-T-AA-G 1% THE SAME AS 
\TS COMPLEMATT RERD 
BACKWARDS | ) 


C-© 
A Tt 
A T 
@ 


THE ENZYME ECO- RI , 
POR EXAMPLE, REtooints 
OWLY THE SEQUENCE 


-6-R-AT-T-C- 




















E. COLI USES 
ECO-KL Jo 


Cor VP 
"ENEMY" VIRAL 


0... STOCK SbARES 
IS GCEPETIC BUGINEERIDC 
COMPANIES. 


THEY BEOIW WITH DNA FROM TWO DIFFERET SOURCES, SAY 
E. Cot! AND KUMAR, APD TREAT BOTH WITH FO-R1 WW THE 
BE. > 


THIS GIVES THEM BOTH 


THE “SELF- BACKWARDS - 
COMPLEMENTARY" TAIL, 
T-T-A-A. 








THE TAILS SNAP TOGETHER, AND, AFTER TREATMENT WITH 
LIGASE, 0N ENZYME THAT SEALS NICKS IN THe SUOAR- 
PHOSPHATE CHAIN, THE FECOMB/INAWT DNA IS 

CoMPLe Te ! 


WHAT CAN 

You Do iT 
THIS HYBRID 
MOLECULE? 
WHAT HARP EIS 
WHEeP 
RECOMBINANT 
DNA [5 


CA 
USEFUL IN 








THE TECHNIQUE 15 CALLE) | LUCKILY, E. COLI WAS smary 


GENE 





AND \T WORKS LIKE 
Tits: 


FIRST, CROOSE A Humay 
GENE ENCODING Some 
USEFUL PROTEIN. 





FOR 4ouR BACTERIAL 
DWA, You NEED 
DOMETHING THAT WILL 
BE REPLICATED once 
ITS RETURNED To 
THE CELL — A 
VECTOR* S0-CALLED. 











RINGS OF DNA CALLED 
FLASMIDS, SEPARATE FRom 
THE CHROMOSOME. YoU cHoosE 
(OR ENGINEER!) A PLASMID 









CONTAINING THE SEQUENCE 
GA-A:T-T-C, AND REMOVE IT 
9 FROM THE BACTERIUM. 
ai . 


5 
JUST AS ABOVE, YOU SPLICE 


TWE HUMAN GENE INTO THE 
PLASMID — 





| \ 


AND PUT IT BACK |NTo 
ECOL! 








AHSTER! MAHSTPp/ 
Mulew sequence 
WHAT DO WE Do 5 
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BE FRUITFUL 
AND DIVIDE ! 





THE PLASMID 
IS REPLICATED 
ALONG WITH 


WITHIN A FEW HOURS, 
We CAN HAVE A 
BILLION SPCTERIA IN A 
FEW PROPS oF CULTURE — 
ANG A BILLION COPIES OF 
THe HUMAY GENE ! 













ie eee. 


(FZ Sy Yi 
gS) ey. 
£ ae ae 
OR 
CE te 3 


Lp 






\F We've 
INCLUDED THE 
PROPER REGULATORY 
REGIONS AS WELL, 













HE GEVE, AND 
Wwe CAN EXTRACT 
WESTANTIAL 
AMOUNTS OF 
THE HUMAN 

PROTA. | 
(WIRACULOUS - 


THE PROCEDURE SOUNDS SIMPLE — APD Ih PRINCIPLE, \T Io. IN 
RACTICE IT CRP BE MOST COMPLICATED, BUT THe FOLKS Ip 
The LABS HAVE SoLVeD Most OF Those PRACTICAL PROBLEMS, 
we CAP NOW CLONE JUST ABOUT ANY GEVE WE WANT... USUALLY 
IY E- COU, BVT OTHER FAST-GROWING ORGANISING 
WORK, M6 WELL, EVEN EUCARYOTES LIKE YENST — 














Hi! MOT ONLY 
Oo | FULFILL THE 
MINIMUM DAILY 


REQUIREMENT OF 
VITAMINS Veen AND K, 
BVT ALSO | TASTE 
LIKE ROAST DUCKLING 
AYD PREVENT 
CANCER ! 


ITS Evep PosIBLe To CLONE GAYES INTO HUMAN CaéLs , 
al ie FRR IT ONLY WORKS IP A DISK, NOT IVA REAL 


BUT ONE OF 
THEE DAs... 


Ss 
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AT LEAST 3 PROTEINS ROW PRODUCED Fi RECOMBIWAPT DAA 
WAVE MEDICAL ROSSIBILITIE ... 


HUMAN GROWTH HORMONE 
PREVEVTS ONE TYPE OF 
OWARFISM. PEOPLE WHOSE 
GENETIC MAKE-UP WOULD 
OTHERWISE LEAVE THEM 
A BIT "SHORT, CAN 
GROW NORMALLY IF 
GWEN ADEQUATE 
DOSES. SO FAR, “Z 
DEMAND STILL EXCERDS 
SUPPLY, BUT NOT 

FOR “LONG” ! 















MORE PLENTIFUL , AND 
MHOSIAY CHEAVER, 

MAKING LIFE EASIER 
FOR DIABETICS — 














INTERFERON, The 
\IRUS “FIGHTER, USED To 
BE 50 SCARCE \T COST 

A TRILLION DOLLAKS | 
wane i rel Now ITS 
MAVE HE VATFUL FY 
PRLLION oF E COLI. 
NFORTYNATELY, NO OPE 
KNOWS EXACTLY WHAT To 
Yo With IT, THOU 
CLINICAL TRIALS COpTIBUE 
AMO KIGK pore... 


\T MAY CURE CANCER 
OR THE COMMON COLD ! 




















SUDDALY GERE-SPLICING APG BECOME 








[ysed BY THE 

wre 

FROM PROTEIRS, 

VENTURE Fe] \ You MAKE 
CAPITALISTS HUMAP CRoTE® 
HAVE Seer me Ah, 


FROM TIMY 
HACTERIA — 
WE MAKE 


EVICRERISE : 
THE GENETIC 
ENGINEERING 
COMPANY. 






















\5 FREE INQuIRY CAN OPEN Do we WALT 

POSSIBLE IF OUR RESEARCH PE To Dirty OUR 

DISCOVERIG GUIDED BY THE HAUpS WITH 
PROFIT MOTWE 2X MERE MONEY 2 


MAAR) 








... WHICH HASY T SLOWED = 
THE GROWTH OF IWDUSTRY 


AT Actll 5 WHERE D0 x 
yf \ CET MY HANDS } 
DIRTY 22 









THIS 
RAISES 
QUESTIONS 
a SIDE 


TH 
UNINERSITY, 
wo 







Bf SHOULD TALK To A 
OWN THe OLS rye BEFORE | DO 
ATENTS OW THE SOMETHIN’ KASH... 
NEW TECHMOLOGY ? Cel —_—::. 
WHAT EXACTLY LESSEE SLT 
ANYWAY? A PIECE 
OF EQUIPMEPT 2 
AY EXPERIMENTAL 
oe oo 7 
A L/ 
FoRM 2! 





HO WILL 5 pees] aM. MAYBE 1 
568% 








TIS QUESTION WAS ALREADY GONE To THE SUPREME COURT, 
WHICH RULED THAT NEWLY INVENTED LIFE FORMS May 
BE YATENTED ! eas 


rod 
if 
oo 
a 
a7 






















SOMEEFOPY 
OWES ME THREE 
BILLION YEARS 
WORTH OF BACK 
ROYALTIES 


MN 


% bs PRESSURE 
PROFESSORS ACCLSE ec, 
an) OTHER OF RICH, WHILE 
(Wo THE CAMPUS | DISCOVERER 
LABS FOR Company OF THE SNAIC 
AVG... GRAD DARTER'S 
WATS FiNp MAT Po CYCLE, 
Hie OR HO REMAIN 
NC AREHT REASOP VOOR? 
OF COURSE 
WARES THE 





JEALOUSY... 


BUT FORGET ABoUT MOMEY... WHAT ABOUT 
OUR HEALTH 7? FRom THE FIRST DAYS 
OF GEVETIC ENGINEERING, PEOPLE HAVE 


WORRIED ABOUT BREEDING MON S 
semi Y STER 


THE FEAR WAS THAT TAMPERING WITH E-COL/S DNA MIoHT 
CREATE A SUPER-DEADLY GERM BY ACCIDEWT. 


REMEMBER, E. COL/ 
LIVES |¥ THE AUMAP 
INTESTINE — IF A 
VIRULENT STRAIY SHOU? 
ESCAPE FROM THE 
LAO, THRE Mibir 


Be. 'No Storie 
rtd Narr 


WAVE THOUGKT, 

FRANKENSTEINS MopsTeR 
OULD LOOK 

LIKE TWIS7 


ACCORDINGLY, SCIENTISTS VOLUNTARILY ADOPTED GUIDELINES 
To LIMIT POTENTIAL HAZARDS... 





SINCE THE EARLY DAYS, 
THE FEAR WAS FADED... 








HMM... SOUND) 5 
A BIT Cike 


ARISTOTLE ... 








THE MOST ENCOURAGING TWIG IS THIS: THE S7RniP OF E. COLI 
SUALLY USED FOR CLONING GERES HAS GROUP So “DOMESTICATED: 
DURING \15 YERRS IN THE LAB, THAT IT CAN ho LONGER SURVIVE 

IN THE HUM) GUT! 





Ye) ( 
AQ \ee4 moee, Twcxes NOTHNL To WORRY ABOUT 
A) THOUGK \TS TRUE THAT THE SAFEGUARDS 
ADOPTE? BY UNIVERSITIES DOW'T GENERALLY RAFPLY 
To PRIVATE Comeapres ! 
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: UCH MORE Clr. 
wht tienes as aks A 
DEADLY GERM ON PURPOSE. 
Wo WOULD WAYT To VO 
THAT, You ASK? 







Lot 
bd 
ht PC 
Pry 
*m §8e,. 
ed) 


A b/ 
A Cie 
lo 
E CENERALS HAVE BEE! KNOWN To TURN NEW J 
Comme To MILITARY USE, AND : fo 
THEY USUALLY FIND SCIEVTISTS yy 





To OBLIGE... 


REFERT AFTER 
Me: “ITS PURE 
RESEARCH | 






WE CAY TAKE Some 

COMFORT FROM THE FACT 
THAT BIOLOGICAL WARFARE 
IS BAMNED BY 
IWTERMATIOVAL TREATY, 
BUT YOU NEVER 
KNOW.-- 








DOES THis POTENTIAL FoR Hagm 
MEAN THAT GENE el ae 
SHOULD BE SToRPEp 27 






\TS A POLITICAL 
QUESTION RAISED 






ASC ALMOST WITHOUT EXCEPTION, 
1 WY KE SecT THE MEDICAL 
yYy CENTURY UE. ADVANCE Lovo xe THE 






MILITARY USES 27 


BESIDES, THE POISONS THAT COULD BE MADE THIS WAY ARE 
PROBABLY NO WORSE THAN THE ONES THAT ALREADY EXIST, WHILE 
MEDICAL APVANCES PROMISE 1o BE TRULY REVOLUT/ONARY 





YEAK-- 
LET US REALIZE 
oUe HUM AP 

fovea (AL.. 
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50 FAR, THE SucceSES IN THIS FIELD 
HAVE CoMEe IN VIRUSES, BACTERIA, 
YEAST, AND PLANTS, BUT WERE 
GETTING MUCH CLOSER To 
WoRKING DIRECTLY with HUMAN 
BEINGS. 


WHA WAKING TTS OP KUMANS, 
SCIENTISTS MUST APPLY A DIFFERENT 
STANDARD FROM TAT GOVERN Wo 
EXPERIMENTS ON ANIMALS oR 
BACTERIA. 


VAMELY, 

\1'S SUPPOSED 
To 00 THe 
SUBJECT 
50ME GOOD: 


TWATS WHY WE KVOW SO WELL 

WHAT CAUSES CANCER IN AATS... 

How COULD 4ov - 

DO Pw EXPERIAN ASK FOR 
ip VOLUNTERRS - 

CAUSE OF ; 


CANCER Ip 
HUMANS ?7 











WHICH 15 To SAY EXPERIMENTS OY HUMANS STIR U 
CONTROVERSY, A GOOD EXAMPLE BEWWE RECHT ATTEMPTS 
To TREAT THALASSEMIA. 


AS YOU RECALL, 
THIS COMDITION {5 
re ert 

C E; 0 ) 
CH 


Pr Bae 
MSTAKEN “Stor 
CODON jp THE MIDDLE 
OF THe CEE FOR 
ONE OF ITS CHAINS. 
















THALASSEMIA VICTIMS 
ro: SUFFER FROM 

ANEMIA, BONG DEFORMITIES ALD ze 
HEART PROBLEMS. & 
THO) REQUIRE FREQUEPT 
BLOOD TRANSASIONS 
TO SURVIVE, Ayp 


WA J ONT 
LIVE a) por 






WITH THE SUCCES 
OF RECOMBINANT DA, 
VOCTORS bEGAN 

TO \WopE THAT 
THE DISEASE COULD 
BE CURED BY 
SPLICING A GOOD 
GENE INTO A 
HUMAN CHROMOSOME. 







SOUNDS GOO), EXCEPT THAT THE SAME 
NPPROACH HAD ALREADY FAILED REPEATEDLY 
In MICE. STILL, A TEAM OF Doctors 
FROM U.C.L.A. DECIDED TO TRY \T OW 
HUMANS ANYWAY. ! 


THEY REMOVED BONE 
MARROW CELLS FROM 
TWO PATIENTS THIGH 
BORES. ( REMEMBER, 
THESE DEVELOP PTO 
WEMOGLOBIN- PRODUCING Rep 
BLOOD CELLS. ) 


THE THIGH 


WAS 
NRRADI ATED 
To slow 
DOWN THE 
“4 oe ia 
AND GWE 
THE NEW 
CUS THE 
CVE). 


AND TNE 
RESUMES 


» ABSOLUTELY 
NOTHING / 


(SINCE THEN, THE 
EXPERIMENT HAS 
WORKED — IN MICE.) 












7 SIOW: THERE 
GOES THE 
EXPER|MENT..- 
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THE DOCTORS TOOK A LOT OF FLAK FOR This EXPERIMET. 





SEVERAL OBJECTIONS WERE RAIsep. 


NOT EV) A FART OF THE THE EXPERIMENT WAS 
PROCEDURE HAD EVER | DISAPPROVEP BY U.C.L.A's 
WORKED |N ANIMALS. ITS COMMITTEE ON HUMAP SUBJEGs 
STILL NOT AT ALL USE. WOwEVER, IT HAD BEE 
CLEAR HOW Jo INSERT A APPROVED BY THE Two 
HUMAN REMOGLOBIN GENE HOSPITALS W IT WAS 
INTO A MAMMAL CELL Jp CARRIED OUT (in ITALY AND 
SUCA A WAY THAT 11'S ISRAEL). 
ao IW AWY QUA 5 


1, aa ol BOY Fen ae 
POO OY Ip MAM . 
CON i - STILL AC 
Pe vei! 







































THE RADIATION CERTAIPLY 
DIDN'T HELP THE PATIENTS. 
OM THe OTHER HAND, TREY 
BOTH FULLY UNDERSTOOD 
WHAT WAS BAYO DOVE, ANP 
THEY_GAVE THAR COpSeyT. 


WERE 


jo 
yy 
bahdeIG : K 
Y 


AT STRAWS ° 


WERE DISCIPLIVEV 
LOSING HIS POSITION AS 
DEPARTMENT CHAIRMAN... 
50 you A 






566 — WUMAW 
EXVERIMERTS CAP BE 







DANOEZOUS | 








NEVERTHELESS, THIS 15 PROBABLY THE WAY TUE FIRST GERETIC 
THERDPIES WILL BE DONE, BECAUSE BOVE MARROW 14 THE 
EASIEST TISSUE To TRANSPLANT. 





THERE ARE SEVERAL DISEASES THAT MIGHT BE TREATED THIS WAY: 


THALASSEMIA, OF COURSE, SICKLE-CELL ANEMIA 14 A 
ALTHOUGH THE CLA EXPERIENCE HEMOGLOBIN ABNORMALITY AFFECTING 
SHOWS IT WON'T BE EASY. MAINLY BLACK PEOPLE. THiS wilt GE 


EVE) HARDER BECAUSE THE MUTANT 
GENE 14 CODOMINANT, WoT RECESSIVE. 


AWD HEMoG40BIw 
REGULATION 15 


Stice A 
PUZZLE... 












\E AT FIRST 
Doy'T 





EMOPHILIA, Dv To THe LACK OF A AUD THERE ARE IMMUNO- 
— PROTEIY, MIGHT Be Tue EASIEST | DEFICIENCY DISEASES CAUSED By 
To CURE' RECESSIVE. GENES IN BONE MARROW. 
AT PRESENT, PEOPLE WITH THESE 
DISEASES WAVE To LIVE IN GERM- 
FREE ISOLATION CHAMBERS. 






You may 
GREATHE 
EASIER, MY 
PRINCES | 





200 





OF COURSE, THERE 

ARE FEWER RESTRICTIONS 
ON PLANT AND ANIMAL 
EXPERIMENTS THAW OW 
HUMANS. (THiS BoTHERS 


| SOME PEOPLE, @y THE 
| why.) 





50 PROORESS WAS BEEN MORE RAPID AMDIG PLANTS & Ls, 
ALREADY THERE ALE BREEDS OF CoTrON, tie ° 
ToRACCO WITH Av ADDED BACTERIAL Gepe THAT MAKES THEM 
POISONOUS To \NSECTS. 
= a Os ee et eae FORTUNATELY, Wai dé. 
SBOE TOGNCCO WHS ALREADY Vege 
Sete BISONOUS To eS 
3 oD HUMANS »-- Fo 





AH 
AVY 
\rr 4 
RAT 












ONE EXAMCLE ARE PIGS WITH 
BOVINE GROWTH HORMONE. THEY 
GROW FASTER AND LEANER, BUT 
ALSO HAVE OTHER PROBLEMS, LIKE 

ULCERS AND ARTHRITIS —So You'cL 
HAVE To WAIT FOR THAT “BORK 


QUENTISTS ARE EXcITED ABouT 
TRANSGENIC ANIMALS — ANIMALS 
THAT CONTAIN A FEW GENES 
FROM ANOTHER SPECIES. 


(M HAVING 


THE STRANGEST 
CRAVIMG FoR 





TRANGENIC PLANTS AND 
ANIMALS CAW PASS ON ae oe oe 6 pie ae 
ENES To THEIR — 
artes. rinks THE THAN ANYONE ELSE'S... 
GENES ARE INSERTED ATA 
VERY EARLY STAGE OF 
DEVELOPMENT, ALLOWING 
THEM To GET INTO SPERM 
ANP EG6 CELLS. PERFORMING 
THESE EXPERIMENTS ON 
KUMANS WOULD THEREFORE 
RAISE Z0ME HARD ETHICAL 
IS5VES. 





BUT WE'RE GETTING CLOSER. THERE ARE ALREADY LIVING “TEST TUBE 
BAGIES” — FERTILIZED IN A TEST TUBE AND THEN, AFTER A Few 
DIVISIONS, IMPLANTED IN THE MOTHER'S WomB, WHERE THEY 

DEVeLopeD NATVRALLY. 


WOW YA DOIy'? 


I'D SAY, 
“Don'T DROP 
THAT TEST 
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THe OBVIOUS PEXT STEP 
WOULD BE To ENGINEER 
The EMBRYO |p THE 
TT TUBE... 


THis COULD RANGE FRO Qu 

GENE THERAPY — Zs 

FIXING SPEUAC DEFEKS — Ss xiv 
To... Who KNOWS WHAT 27 = 





AT THE EXTREME, IT WAY BECOME f0ssiBL|E 

PEOPLE. The Gols NUCLEUS me BE Re a 

Sa AUD REPLACED WITH A NUCLEUS FROM ANOTHER 
OV, 








INSTEAD, 
THe LITT 
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SOUND FAR-FETCHED? WELL, ScieNTISTS HAVE ALRE 
SUCCEEDED IV CLOVING MICE AUD FROGS... "i 





THE TECHUIQUE MAKES IT POSSIBLE 
MAKE MULTIPLE Copies OF LIVING rn 
IWVIVIDUALS! = 16 THIS WHAT WE WAKT 


s 
; 


TO Become, A WORLD OF CLONES 2 


as . 
ie Ft 





OU MIGHT WELL ASK: 

WHO WILL BE CLONED? 
WILL DECIDE? Wict 

IT BE BASED PuREL] OY 

MOVEY 2? WILL IT Be LEGAL: 

WILL THERE 6€ PEOPLE - 

BREEDERS SACTING Tt J 
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STAND ASIDE, 
WEAKUNGS! 


— WIA 
Soc Hy THE LAST TIME ANYONE 
Ce Z) TRIED To BREED A MAIER 
az RACE, IT WAS AN UNHAPPY 
ae EXPERIENCE. To SAY THe LEAST. 


OR MAYBE WERE BENG Too GLOOMY... MAYBE THE FuTURE 
WILL BE A GLORIOUS TIME WHEN PEOPLE WILL bE 
ENGINEERED To AIT CLOTHES INSTEAD OF VICE VERSA I) 


Do You HAVE 
700 BLUE BLAZERS 
IN A 42 REGULAR? 











We CAy BREED 
PEOPLE Who 
C CAM WEAR SPIKE 
HES Cane cr THOR 
& OR WHo HAVE 
PINK KAR! 






WELL 
INCREASE THe 


By Be 
CLOVED TO NUMBER OF COPA 
RESIST FOR Skip VIbMENT 
ECOLOGICAL e: aa. 
DISASTI A 
LIKE me YS, We 


PEOPLE 
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{\ NOT OWLY OUR 
OWN GENES VE 
NEED To WORRY 
ABOUT... THERE 
IS ALSO THE A 


GENETIC 


ITS HARDLY NewS TAAT ALL 
LIFE 15 WTERDEPEMDENT.--- 


ct 

= GORILLA EATS BAPADA 5 
Ce n}y . BANANA EATS CHEMICALS FROM 
Vi, Ww THE SOIL, SOME OF TAE CHEMICALS 

VEN 2 GET THERE FROM BACTERIAL 

ACTIOP; OTHER BACTERIA AIO 
Z THE APES DIGESTION) STILL 
Sale OTHERS BREAK DOW ITS 
ee S WASTG PRODUCTS , EIC EC 

A\ / 
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DO RBA ie alas) 

By 2 A 2 in a eh af F 

* WITH ou EXPLODIpG POPULATION, 

RESOURCE HOGGING, MODERP AGRICULTURE, 

LP PND POLLUTION, Age CHANGE THE 
ENVIRONMENT So DRASTICALLY THAT 


HUNDREDS OF PLART AND ARIMAL 
SPECI ES GO EXTINCT EVERY YEAR. 














THAT MEANS FEWER AND FRWER DIFFERERERT Genes 
REMAIP I) THE BIOSPHERE. ONCE GONE, ThEy'RE GONE FOREVER! 


\ DIDN'T 
MEAD To DO 
it! 





















THIS INCRE 
LIFE AS A 
R EXAMPLE, \F THERE 
RE OPLY 5 KINDS oF 

AXPLE, TREY MAY ALL 

BE WIPED OUT BY A VIRUS 
OR BLIGHT... 

WHEREAS, IF THege WERE 
5D VARIETIES, CrApUS 
PRE BETTER THAT Some 
OF THEM WILL BE 
RESISTANT APD suRVIVE- 





ASIBOLY TwREATENS 
WHOLE... 


ors 





SEVERAL COUNTRIES ARE ADDRESSIPE 
THIS PROBLEM, SAVIYe AS MANY 
PLATS AS OSSIBLE BY COLLECTIPG 


UNFORTUNATELY, 
Theres NO Such 
WAY To SAVE 
ANIMALS. 







THAR SEEDS. 


















PERHAPS GENETIC ENGINEERING 
WiLL BE ABLE To HELP BY 
CPEATING NEW COMBINATIONS 
BUT THIS 16 STILL JX THE 
FUTURE... 


OY THE OTHER 
HAND, THE 
ROSSIBILITIES 
FOK GENE 
EROINEERIG 
WILL BE 


LINITED BY 
THE — 


NUMBER 
OF ALLELES 
tert ‘To 
RECOMBINE. 





WE FIND OURSELVES UR O WESOME 
POWERS, COPFROP Te BY OUR OWN AWKOM 


Ov THE ove 
HAWD, o & 


FACE THE 

BLIND POWER 
THAT STRIPS 
FORESTS, ERODES 
THE SOIL, 


hee 

















ON THE OTHER HAND, WE MUST DEAL 
WITH THE GROWING POWER OF 
GENETIC ENGINEERING. IT 
PROMISES — OR THREATENS — TO 
ALTER THE VERY NATURE OF 
HUMAWITY. (T RAISES QUESTIONS 
WHICH WE BARELY HAVE A 
VOCABULARY TO DISCUSS, MUCH 
LESS SOCIAL AWD FOLITICAL 
INSTITUTIONS TO DECIDE. 
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WITH TOWER COMES THE RESPOPSIBILITY OF CHOOSING WISELY. 
IS PART, THIS DEPENDS OP ACCURATE INFoRMATiCN. IN A SENSE, 
We HAVE COME FULL CIRCLE To A TIME Whey EVERYONE 

MUST BE A BIOLOGIST, ALD Tae WORLD IS A CLassRoom! 
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Adenine, 120, 122 
AIDS virus, 156 
Alleles, 42-50, 54 
co-dominant, 162 
combinations of, 54 
recessive, 81 
Amino acids, 108-111 
Anthers, 31 
Antibodies, 177-178 
Anticodon, 136-137 
Aristotle, 14-15 
Asparagine, 109 
Assortment, independent, principle of, 48, 
70 
Attenuation, 172-174 
Avery, Oswald, 118~119 


Bacteria, 25 

Baldness, hereditary, 91-93 

Base pairs, 122-123 
sequence of, 130 

Bases, 106, 107 

Beadle, George, 114 

Bibliography, 210 

Biological warfare, 194-195 

Blood groups, 162 

Body cells, 83 

Bone marrow cell, 163 

Bonellia marine worm, 90 

Bovine growth hormone, 201 

Breeding, selective, 6 


Camerarius, 30 

Cancer, 83 

Carbon, 104 

Cell division, 57 

Cells, 56-64, 97-101 
turning into other kinds of cells, 163 
types of, 98-99, 164 

Cellulose, 105 

Centromere, 59 

“Chaperone” protein, 129 

Chargaff, Erwin, 121 
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Chromosome mapping, 69-78 
Chromosome number, 60 
Chromosomes, 58-70, 102 
genes on, 67, 69-71 
“‘recombinant,” 76 
in sperm and egg, 61-62 
X and Y, 85-89, 91-93 
“Clipping” enzyme, 127 
Cloning genes, 185-188, 193 
Cloning people, 203 
Co-dominant alleles, 162 
Codons, 133-137 
complementary, 136-137 
Color-blindness, 91-92 
Complement, 124 
Complementarity, principle of, 124, 128 
Complementary codon, 136-137 
Correns, Carl, 65-66 
Crick, Francis, 122-125 
Crops, productive, 7 
Crossing over, gene, 71, 76-77 
Crossing square, 44-45, 48, 73-74, 93 
Cysteine, 109 
Cytosine, 120, 122 


Darwin, Charles, §5 
Deoxyribonucleic acid, see DNA entries 
Deoxyribose, 106 
DeVries, Hugo, 65-66 
Digestive enzymes, 112 
Diploid organisms, 68, 89 
Diversity, genetic, 206-208 
Division, cell, 57 
DNA (deoxyribonucleic acid), 107, 119, 
181 
“junk,” 147 
recombinant, 180, 184, 188 
repetitive, 152-153 
“selfish,” 153 
sequence of, 129-130 
DNA replication, 125-128 
Dominant trait, 40-48 
examples of, 53 
Double helix, 123-125 


E. coli, see Escherichia coli 
Eco-Ri enzyme, 182-183 
Egg, 29 
chromosomes in, 61-62 
mammalian, 27-29 
Empedocles, 16 
Endonuclease, restriction, 182 
Engineering, genetic, 179-195, 206-209 
Environment, 206, 208 
Enzyme Eco-Rt1, 182-183 
Enzymes, 112-116, 129, 181 
“clipping,” 127 
digestive, 112 
genes and, 114-116 
“inducible,” 171 
“snipping,” 126-127 
Escherichia coli (E. coli), 100-102, 
185-186, 192-193 
histidine and, 172-174 
lactose and, 166-171 
replication, 126 
Eucaryotes, 144-148 
Experiments on humans, 196-199, 
202-205 
Extinction, species, 206—208 


Fertility magic, 9 
Fertilization, 29 

plant, 31 
Flippase gene, 176 
Flowers, 30-31 
Franklin, Rosalind, 121 


Gametes, 61 
Gene cloning, 185-188, 193 
Gene expression, 174 
Gene mapmaking, 69-78 
Gene mutation, 79-83, 158-161 
Gene regulation, 164-178 
Gene splicing, 180-184 
Gene suppression, 174 
Gene swapping, 71, 76-77 
Gene therapy, 203 
Generation, spontaneous, 20-23 
Genes, 42, 54, 96 
bacterial, 201 
on chromosomes, 67, 69-71 
dominant and recessive, 40-48, 53 
enzymes and, 114-116 
flippase, 176 
jumping, 175-178 


partial, 178 

sex-linked, 91-95 
Genetic code, 134-137, 145 
Genetic code table, 135 
Genetic diversity, 206—208 
Genetic engineering, 179-195, 206-209 
Genetic engineering company, 189 
Genetic research, peas in, 38-49 
Geneticists, 32 
Genetics, practical, 6 
Genotype, 49 
Gilbert, Walter, 171 
Glucose, 104 
Glycine, 109 
Gonick, Larry, 215 
Griffith, Fred, 116-117 
Growth hormone, human, 188 
Guanine, 120, 122 
Guanine “‘cap,”’ 146 


Haploid organisms, 68, 89 
Harvey, William, 27-28 
Helix, double, 123-125 
Hemoglobin, 108, 158-159, 197-199 
Hemophilia, 91, 94-95, 200 
Hereditary baldness, 91-93 
Hereditary traits, 54 
Heredity, theories of, 12 
Hertwig, Oscar, 29 
Heterozygote, 49-52 
Hippocrates, 13 
Histidine, 172-174 
Homolog, 64 
Homologous pairs, 62-64, 67 
Homozygote, 49, 51 
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Human growth hormone, 188 
Humans, experiments on, 196-199, 
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Hybrids, 33-34 
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Hydrogen bonding, 122 
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“Inducible” enzymes, 171 
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Insulin, 188 

Interferon, 188 

Introns, 148 
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Jacob, Francois, 166—167, 169 
Jacob’s flock, 9-10, 33, 50 
Jumping genes, 175-178 
“Junk” DNA, 147 


Karyotype, 88 
Kleinfelter’s female, 87 


Lactose, 166-171 

Leader sequence, 173 
Leewenhoek, Anton van, 23-26 
Leucine, 109 

Ligase, 184 

‘Like begets like’ notion, 6, 10 
Lipids, 105 

Loops, mRNA, 147-148 


Macromolecules, 104-105 
Magic, 8-10 
fertility, 9 
sympathetic, 10 
Mammalian egg, 27-29 
Mapmaking, gene, 69-78 
Marine worm Bonellia, 90 
Marrow cell, 163 
Mating, 5 
Meiosis, 63-64, 86 
faulty, 87 
Mendel, Gregor, 37-48, 55 
hybrids and, 39 
principal results, 54 
‘Messenger molecule,” 131 
Messenger RNA, see mRNA entries 
Methionine, 140 
Mice, “waltzing,” 1 
Microscope, 23-24 
Mitosis, 59-60 
Mold, Neurospora, 114-115 
Molecules, 104-105 
Monod, Jacques, 166-167, 169 
mRNA (messenger RNA), 133, 139, 142, 
143, 149, 173 
editing of, 157 
mRNA loops, 147-148 
Miller, Hermann, 82 
Muller-Hill, B., 171 
Mutagens, 82 
Mutation, gene, 79-83, 158-161 


Nerve cells, 98 
Neurospora mold, 114-115 
Nirenberg, Marshall, 134 
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Nitrogen? 104 

Nuclear membrane, 146 
Nucleic acids, 106-107, 154 
Nucleosome core, 150 
Nucleotides, 106, 126-127, 148 
Nucleus, cell, 58, 144 


Operator, 169-170 
Operon, 167, 173-174 
Origin, 126 

Ovary, 31 

Oxygen, 104 


Partial genes, 178 
Pasteur, Louis, §7 
Patents, 191 
Peas in genetic research, 38-49 
People 

cloning, 203 

primitive, 1-4 
Peptide, 110 
Perutz, Max, 108 
Phenotype, 49 
Phenylalanine, 109, 134 
Phosphate, 104, 106, 107 
Phosphorus, 104 
Plant sex, 30-31 
Plasmids, 185 
Pneumococcus, 16-117 
Pollen, 31 
Pollination, 8 
Poly-A tail, 146 
Polypeptide, 110 
Polyploid organisms, 68 
Polysaccharides, 105 
Primitive people, 1-4 
Principle 

of complementarity, 124, 128 

of independent assortment, 48, 70 
Procaryotes, 144-145 
Productive crops, 7 
Promoter region, 167-169 
Protein chain, 110 
Protein coat, 154 
Protein synthesis, 133 
Proteins, 106, 108-113, 129 

“chaperone,” 129 
Protozoa, 57, 90 


Recessive allele, 81 

Recessive genes, 200 

Recessive traits, 40-41, 161 
examples of, 53 


“Recombinant” chromosomes, 76 
Recombinant DNA, 180, 184, 188 
Red blood cells, 98, 163 
Redi, Francesco, 22 
Repetitive DNA, 152-153 
Replication 
DNA, 125-128 
E. coli, 126 
Repressive tolerance, 157 
Repressor, 169-171 
Reproduction, v, 3-5 
Restriction endonuclease, 182 
Retrovirus, 156 
Ribonucleic acid, see RNA entries 
Ribose, 106, 132 
Ribosomal RNA (rRNA), 138, 143 
Ribosome, 138-143 
RNA (ribonucleic acid), 107, 132 
messenger, see MRNA entries 
ribosomal, 138, 143 
transfer, see tRNA 
RNA polymerase, 133, 167-168, 173-174 
rRNA (ribosomal RNA), 138, 143 


Selective breeding, 6 
‘Selfish’? DNA, 153 
Semen, 13, 14, 25-26 
Sequence 
of base pairs, 130 
of DNA, 129-130 
Sex, 4-5 
determination of, 84-87 
plant, 30-31 
Sex-linked genes, 91-95 
Sickle-cell anemia, 200 
‘““Snipping” enzyme, 126-127 
Socrates, 12 
Somatic cells, 83 
Species extinction, 206—208 
Sperm, 25-26, 28, 29 
chromosomes in, 61-62 
spindle, 59, 63 
Splicing, gene, 180-184 
Spliceosome, 147 
Spontaneous generation, 20-23 
Sports, 34-35, 52 
Square, crossing, 44-45, 48, 73-74, 93 
Stable varieties, 33 
Starch, 105 
Stigma, 31 


“Stop” signals, 135, 141 

Sugars, 104-107 

Sulfur, 104 

Sunbathing, 83 

Sutton, William, 62, 66 
Sympathetic magic, 10 


Tatum, Edward, 114 

“Test tube babies,” 202-203 

Tetrads, 63 

Thalassemia, 159, 161, 197, 200-201 

Thymine, 120, 122 

Transcription, 133, 148, 173 

Transfer RNA, see tRNA 

Transforming factor, 118 

Transgenic animals, 201, 202 

Translator’ molecules, 131 

Transposons, 177 

tRNA (transfer RNA), 136-137, 138, 
139-141, 143 

Tryptophan, 109 

Tschermak, Erich von, 65-66 

Turner’s female, 87 


Ultraviolet light, 83 
Uracil, 132 


Varieties, stable, 33 

Vector, 185 

Victoria, Queen of England, 94-95 
Viruses, 154-157 


“Waltzing” mice, 11 
Warfare, biological, 194-195 
Water, 104 

Watson, James, 122-125 
Wheelis, Mark, 215 

Worm, marine, Bonellia, 90 


X chromosome, 85-89, 91-93 
X-rays, 82 

Xenophon, 11 

XXY syndrome, 87 

XYY karyotype, 88 


Y chromosome, 85-89, 91-93 
Yeast, 187 


Zygote, 61 
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Have you ever asked yourself: 

Are spliced genes the same as mended Levis? 
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Plant sex? Can they do that? 

Is Genetic Mutation the name of one of those heavy metal bands? 

Asparagine? Which of the four food groups is that in? 
Then you need The Cartoon Guide to Genetics to explain the important 
concepts of classical and modern genetics—it’s not only educational, it’s 
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